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FOREWORD
This report was prepared by Solar, a Division of International Harvester
Company, San Diego, California, on NASA MSFC Contract NAS 8-11303. The work
was performed under the direction of the Propulsion and Vehicle Engineering Division
of the George C. Marshall Space Flight Center, Huntsville, Alabama. Mr. P. G. Haas
was the contracting officer's technical representative.
The work presented herein began in June 1964 and was concluded in January
1966. Solar was the prime contractor and the effort was under the direction of the
Aerospace Engineering Activity with Mr. H. T. Mischel as Program Manager. Major
contributors to the program were Messrs. C. S. Martin, O. Abegg, and D. H. Betts
of the design group; Mr. D. T. Shen, Stress Analysis; and Messrs. M. A. Gould and
R. L. Neher, Testing. Mr. A. E. Maruniak contributed in providing project liaison
services. Mr. D. T. Shen is particularly acknowledged for his contribution in the
improvement of the bellows instability prediction method.
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ABSTRACT
This report presents a description of the work performed in attempting to
improve the state-of-the-art in the technology of liquid hydrogen flexible ducting for
space flight vehicle applications.
The various components which make up a t_'pical LH 2 flexible ducting system
were segregated and individually studied for areas of possible improvement. Areas
where information was lacking were designated for further analytical and empirical
studies.
A boltless flange concept was developed and subjected to limited testing.
Tubing was studied from a material substitution standpoint; and a flexible elbow con-
cept was developed but not tested. Flexible joints were studied at length and a low-
profile gimbal joint was fabricated and tested. Various materials and material com-
binations were tested to obtain data for designing spherical ball joints which could
operate in a vacuum. An improved analytical method for predicting critical squirm
pressure of bellows was verified in an extensive testing program. A non-rigid vacuum
insulation was conceptualized but not tested.
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INTRODUCTION
This is the final report of the work performed by Solar, a Division of
International Harvester Company on the study to improve the state-of-the-art of the
technology of flexible ducting for liquid hydrogen spacv flight v_hlcle applications.
The work was performed under National Aeronautics and Space Administration,
George C. Marshall Space Flight Center, Huntsville, Alabama, Contract No.
NAS 8-11303. The period during which this work was performed was June 1964 to
January 1966.
The purpose of this program was to investigate flexible ducting designs and
the properties of materials applicable to liquid hydrogen flight service. In addition,
the program was to develop new and unique designs and determine their feasibility
in this demanding realm of performance requirements.
All the study work was performed in pursuit of the following desirable system
and components features:
• Improved reliability
• Increased fatigue resistance
• Increased bellows stability
• Increased fabricability
• Reduced weight
• Reduced deflection forces
• Reduced heat transfer
In designing a system for specific vehicle applications, the desired reliability
consists of first, the establishment of a design which will demonstrate, analytically,
adequate margins of safety to do the job; and second, the selection of basic design
techniques which stipulate the use of predictable and consistently reliable materials
and manufacturing processes. For the initial part of the study, the second reliability
criteria was the measure against which component improvements were compared. For
the actual development o5 hardware the entire concept of reliability was applied.
Seeking improved fatigue resistance required the consideration of the per-
formance parameters which generate the cyclic stresses and the components which are
the particl_ar failure points in these regimes.
To seek increased bellows stability narrowed the discussion to studies of the
flexible joints.
To seek reduced weight required the determination of those components which
make up the largest percentage of the total system weight and those components which
have complex systems of load distribution.
Reduced deflection forces were assumed for this study to require the con-
sideration of only flexible joints; however, a concept for a flexible elbow is advanced.
For reduced heat transfer, this study was restricted to nonvacuum jacketed
systems. For clarification it is necessary to state that this did not include nonvacuum
systems but simply metallic, rigid vacuum jacket structures. It is postulated that the
presence of a vacuum is essential to the achievement of the insulation quality required
for liquid hydrogen flight service.
Increased fabricability was an underlying requirement for all the concepts
which were generated during this study. Experience gained by Solar during the
development of systems, such as the liquid hydrogen feed ducting for the Saturn S-II
stage, formed this necessary discipline.
An evaluation of the various components which make up liquid hydrogen trans-
fer lines was made early in the study. This evaluation was to determine those com-
ponents which most affected the areas of improvement and, therefore, those which
when improved would result in the greatest benefit. The following components are
found in a typical liquid hydrogen flexible ducting system:
• Flanges
• Tubing
• Flexible joints
• Insulation (including associated equipment such as found in rigid
vacuum jackets)
The study effort was devoted to each of these component types; however, the degree of
study concentration was proportional to the total system improvement which would
result from the improvements of each.
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The study of flanges was aimed at weight reduction since the flanges make up
a considerable portion of the weight of relatively short systems.
During this program a concept for a boltless flange, which appeared to offer
the greatest benefits in the areas of weight reduction, was developed. A model was
constructed and limited testing was performed.
For the sake of the study, the tubing was considered to be an area where con-
siderable effort would result in the least gain. Admittedly, the weight of tubing forms
a large percentage to the total weight of long systems. However, the simplicity of the
structure precludes much gain from design improvements. Suggestions are offered
for the use of new materials to afford weight reductions and increased fatigue resistance.
Flexible Joints offer the most fertile area for improvement since the flexible
joint, besides being one of the larger mass members of the system, essentially
determines the deflection forces and the fatigue limits of the entire system under
dynamic environments. The joints are also the source of greatest difficulty from the
standpoint of fabrication. A considerable amount of effort during the study was devoted
to investigating the gimbal joint as an assembly, and to improving the individual com-
ponents which make up the gimbal joint.
Insulation was treated from a design standpoint, and a concept for a nonrigid
vacuum jacket is advanced.
As previously mentioned, the major portion of the work was concentrated on
the gimbal joint. Early In the program, design parameters for gimbal joint com-
ponents of liquid hydrogen flexible systems were studied. Following this, a gimbal
joint optimization study was performed resulting in three concepts for optimum gimbal
joints. Of these, one gimbal joint was fabricated and tested.
Work was also performed in the area of bellows instability. This work re-
suited in the improvement of the analytical techniques which has greatly increased the
accuracy of instability prediction methods. An extensive testing program was conducted
to verify the improved method.
One of the suggested concepts, a ball joint, was analyzed to determine the
design areas where information is insufficient for optimization purposes. The primary
area was found to be the fatigue life and friction forces of surfaces in sliding contact
in a vacuum. Therefore, to provide this necessary data, a test program was per-
J.U£'III_U •
In summary, this program has permitted the attention of the investigator to
focus on the individual subassemblies which make up a production system and the
details of those subassemblies where improvements can be achieved. A new gimbal
joint design has been demonstrated to achieve higher structural efficiency with much
lighter weight. An improved analytical technique has been developed for predicting the
critical instability pressure of bellows. A basis for permitting the designer a more
definitive choice of materials and surface loadings for use in bellows-sealed ball joint
designs has been developed. The program has by no means tapped all the avenues
where improvements can be made and, in those areas investigated, has not reached
the final degree of optimization that is possible. This report therefore presents the
work, designs, test data, and comparisons to existing hardware that was developed
during the program and also presents the conclusions reached by the investigators.
Finally, this report presents the recommendations for future study which is felt to be
the next logical step from this completed work.
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FLANGES
A concept for a boltless flange was developed as an outgrowth of NASA
Industrial Applications Flash Sheet (identified as LEWIS-51), which depicted an approach
to the attachment of end caps to tubes for creatlz_ hlexp_nsive, high-pressure cryogenic
bottles for laboratory use.
The concept involved the use of a low-melting temperature metal as a seal,
and a structural attachment for joining flanges without the use of bolts. The joining
concept is shown schematically in Figure 1. The advantages to the concept are:
• Boltless attachment, thereby eliminatIng the problems of flange orienta-
tion, bolt installation clearances, and bolt torque relaxation
• Reduced envelope and weight
• Accommodation of axial and angular misalignments
• Seals can be made regardless of flange face finishes
• Less costly
A design of the boltless flanges was made using the design requirements of
Saturn S-II stage, 3-inch hydrogen tank pressurization system flanges for comparison.
A set of these flanges have a total weight of 5.3 pounds without bolts and seals. The
boltless flange set has a weight of 1.5 pounds or a reduction of 71 percent. The
dimensions of these two flange sets are compared in Figure 2.
A set of flanges was fabricated and welded to tubing for experiments to
optimize design details and the selection of low melting metal. The actual experimental
flanges are shown in Figure 3.
Initial experiments used a solder which had been subjected to cryogenic test-
Ing by General Dynamics/Convair under Contract AF33(616)-7984. The solder used
was a lead solder, commercially sold as Claude-Michael No. 20. This material did
not appear to be successful in creating a seal since, without flux, it tended to ball up
a_ud coi_tract in the cavity, r-he joint was again remade with Cerrobend, a iow-meiting,
" _111)
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lead-tin-antimony-bismuth alloy with a melting temperature below boiling water. This
Cerrobend alloy is currently being used by NASA-LeRC in their pressure bottle appli-
^^*;^_ ,"r,1,4_ ._^.I.,.,+ ,.14,,I o,-,.-,1 .-,÷ 1,,,,,_, _.,_,,-,_._ .... 'I.,,..I. 1^_1,_1 _4- _.t_.F,.-_I_T I_N ,_a_l
Pressurization to 150 psi verified the strength of the joint, however.
Investigation of the joint indicated the need for changes in the groove design
to prevent entrapment of air and to determine the complete filling of the cavity with the
liquid metal.
While it was generally agreed that the concept was sound, subsequent work
was discontinued due to the inability of the solder-type materials to accept temperature
cycling. Further development would necessitate extensive experimentation with various
other media, such as nonmetallics, which this program could not support.
TUBING
As a result of their simplicity as structures, the tubing components of ducts
offered the fewest avenues of improvement over those currently used. The most
flexible area of tubing, with respect to changes, is the basic materials of construction.
An obvious improvement would be to utilize higher strength-to-density materials to
achieve weight savings. However, experience has indicated that the substitution might
not be as simple am it sounds. For example, the dynamic characteristics of various
material_, i.e., the amounts of internal damping or energy absorption which can be
realized is not well understood and requires a separate analytical and empirical study.
The practical problems of joining and fabrication of adjacent flexible components of the
same materials must be considered, but are not unsolvable.
Coincident with this program was another in which a materials survey was
made. The purpose of that program was to solve the problems of fabricating bellows
of lighter materials such as aluminum and titanium alloys.
Two materials are presently in use for high-pressure and low-pressure
systems. Corrosion resistant stainless steels, primarily Type 321, is the material
used in low-pressure systems where practical handling and rigidity considerations
preclude wall thicknesses based wholly on hoop strength and low bending load consid-
erations. Inconel 718, a nickel-base, age hardenable, material is the choice for high-
pressure applications where hoop stresses are the deciding criteria.
In future ducting systems for LH 2 service, it can be envisioned that low-
pressure applications can be handled by aluminum tubing which, for the same wall
thickness determined by the same considerations as Type 321 stainless steel applica-
tions, would result in ratio of densities weight reduction. High-pressure service may
be handled by titanium alloy (Ti-5A1-2.5Sn) which exhibits adequate properties at -423 F.
During the program, a concept for a flexible elbow was advanced. In actuality,
the concept involved the entire ducting system in that a series of flexible tubing elbows
replace flexible joints. The flexible elbows are basically ovalized, multilayer tubing
AFIGURE 4.
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\
FLEXIBLE ELBOW CONCEPT
elbows as shown in Figure 4. Multilayering and ovalizing reduces deflection forces
about axis A-A. Multflayering also retains the pressure carrying capability of the
system. Resistance to torsional deflections is also reduced in this structure.
The multilayering achieves the low deflection forces in a manner similar to
multilayered, or multiply bellows. This is accomplished by substituting thinner bending
members with zero shear interfaces for thick members with relatively high section
moduli. Ovalizing reduces the overall section modulus and lower resistance to further
flattening is obtained by the multilayered radii at the neutral axis A-A.
As shown in Figure 4, an "S" shaped duct with two elbows capable of bending
and twisting could replace a three gimbal system. The fiat plate at the inside and
outside elbow surfaces appear to present problems in resisting bowing due'to internal
pressure. Lateral stiffening members could solve this problem.
Time and funding did not permit further efforts in pursuit of this concept and
its presentation in this work is based upon idealizations. The possibilities of benefits
to ducting systems warrants its mention, however, and the recommendation for
further investigation.
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FLEXIBLE JOINTS
Flexible Joints offer the most fertile area for improvement with the greatest
possible degree of success. The type of flexible joint most commonly used in space
vehicle ducting is the bellows-sealed, ghnbal-type joint. The details which make up
a gimbal joint (Fig. 5) are a bellows seal, two end flanges with integral lugs, a gimbal
ring, and four rotational pins. The primary use of the gimbal joint is to provide a
point of flexibility in the ducting system. Flexibility is necessary for accepting relative
motion between the end flanges caused by deflections in the vehicle structure or the
duct system itself. These motions can be induced by the dynamic environment or by
thermal changes. The standard gimbal joint is heavy with respect to the tubular
portions of the line since, in order to provide flexibility, the transmission of loads
across the bellows is complex. This complexity is the result of point loadings of the
gimbal flanges and the gimbal ring. An additional function of the gimbal joint is to
provide, by friction in the pins, a degree of damping for energy absorption during
dynamic conditions.
Optimizing this flexible member can be accomplished by two approaches:
• Studying the deficiencies of the existing gimbal joint design methods with
the goal of improving this basic design.
• Generating new concepts of flexible joints to replace the gimbal type
universal joint.
This study did both since the benefits to be gained by both methods warranted the
effort.
The existing gimbal-type universal joint has been the subject of considerable
refinement over the years _nd its advantages as a flexible joint are attested to by its
use in practically all ducting systems found on space vehicles. The optimization study
11
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FIGURE 5. TYPICAL GIMBAL JOINT
of this joint was performed in a logical manner with the guiding principle being to
investigate:
• The parametric considerations which govern the design of each of the
details which make up the assembly.
• The interrelationship of each detail and subassembly with regard to how
each affects the design of the others.
4.1 DESIGN CONSIDERATIONS FOR GIMBAL JOINTS
The design considerations for gimbal rings are:
• The inside diameter of the ring is controlled by the outside diameter of
the bellows and the required amount of angulation.
The outside diameter of the ring is determined by strength and rigidity
requirements and envelope limitations stemming from the proximity of
other structure or equipment in the vehicle installation.
The width of the ring has to provide sufficient material to accommodate
the holes for the pins with adequate edge distance. The structural
requirements for resisting bending and torsion stresses must be
adequately provided for in gimbal ring width.
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The design considerations for gimbal flanges are:
• The inside diameter of the flange is controlled by the inside diameter of
the duct and the bellows.
The outside diameter of the flange is controlled by the position of the lugs
which have to mate with the gimbal ring. Thus, the outside diameter of
the gimbal ring governs the outside diameter of the flange.
• The width of the flange lugs is controlled by structural considerations
and must provide sufficient material to accommodate the gimbal pins.
• The length of the flange lugs is governed by envelope, structural, and
angulation requirements. The greater the angulation thc longer the lugs.
• The thickness of the flange lugs is governed by the structural and
envelope requirements.
The design parameters for gimbal bellows are:
• The inside diameter is controlled by the inside diameter of the duct.
• The outside diameter of the bellows is controlled by spring rate, angular
deflection, structural, and envelope requirements.
• The length of the bellows is controlled by spring rate, angular deflection,
structural, and envelope requirements.
The design parameters for gimbal pins are:
The diameter of the pin is governed by structural and envelope require-
ments. The pin must provide a large enough bearing area and be
structurally adequate to resist shear loads transmitted through the
bellows and gimbal ring.
• The length of the pin is governed by gimbal ring and clevis lug thickness.
The gimbal ring weight varies as the square of the ring diameter.
gimbal ring diameter is increased the following equation applies:
W = w(D 2 - d 2)
When the
where: W = new weight
w = existing weight
D = new gimbal ring diameter
d = existing gimbal ring diameter
The load the gimbal ring has to withstand is affected by the mean diameter of the
bellows which determines the effective pressure area. Therefore, the weight of the
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When the bellows mean diameter is increased, the pressure induced load
increases to:
F
,,_ 2 2,
= x(u m - d m )
where: F = new load
f = existing load
D = new mean diameter
m
d = existing mean diameter
m
This increased load affects the torsional stress (a
r
a = 0"207I>r (approx)
r _bh 2
) in the gimbal ring:
where: P = load per pin = f/2
r = mean radius
{X = shape coefficient
b = width of gimbal ring
h = thickness of gimbal ring
An increase in the bellows mean diameter therefore would increase P in the
2 2), resulting in an increase in the ring torsional stress.torsion formula by (D m - d m
To maintain the same torsional stress, the denominator would have to be multipled by
2
(D m2 _ dm2). Since "b" or "h" can be affected by (D m - dm2), we choose the thickness
"h" from the above expression for a This involves the least increase in weight and
r
envelope size. Thus, the new "h" would be equal to:
_/h 2 (Dm2 - dm 2)
The effect of increasing the mean diameter of the bellows on the bending
stress (ab) in the ring must also be considered.
l>r
ab - 2_--_
where: P = load per pin = f/2
R = mean radius 9
I/C = section modulus = hb___-
6
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The increased pressure load due to the increased bellows mean diameter
2 2) with a corresponding increase inwould result in P being multiplied by (Dm - dm
ring bending stress. To maintain the same ring bending stress, the denominator must
also be multipled by the same value. In this condition, we have the reverse of the
torsional stress situation and must consider the width "b" as the parameter affected.
Thus the new "b" would equal_/b 2 (D m2 _ dm2).
Thus, in comparing the torsion and the bending condition, a different shape of
gimbal ring would evolve to meet each condition. The width would be proportionally
more than the thickness for bending, and the reverse would be true for torsion. The
best compromise for torsion, bending, and weight consideration is somewhere between
the optimum shapes for each.
4.2 DOUBLE-SHEAR AND SINGLE-SHEAR GIMBAL JOINTS
The double-shear gimbal appears favorable from the point of view of distribu-
tion of shear load on the pins and ease of assembly. To offset these advantages, the
single-shear gimbal offers a smaller envelope, less weight, and less complex machin-
ing, with resultant lower cost. A disadvantage of the single-shear approach is pin
support. It is difficult to make a rigid attachment when the pin is being supported at
one end. The weld is much more critical and subject to proportionally higher loads
than the pin weld in a double-shear assembly. There are problems in installing the
pin and welding it in position. The diameter of the pin must be larger to withstand the
higher shear load.
4.3 THE EFFECT OF ANGULATION
In comparing the 8-inch diameter gimbals for the liquid hydrogen and liquid
oxygen feedlines for the Saturn S-II stage, it is _t_.resting to note how a change in one
design requirement drastically affects the weight. The operating considerations for
both of these gimbals are very similar. The one condition that is considerably
different is the amount of angulation required. The liquid hydrogen gimbal was re-
quired to angulate through a total angle of 12 degrees and the liquid oxygen gimbal was
required to angnlate through a total angle of 18 degrees. Because of this difference in
angulation (requiring greater clearances), the weight of the gimbal had to be increased
from 11.77 to 15.17 pounds (approximately 30 percent weight increase). The weight
penalty for +3 degrees is 3.40 pounds.
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4.4 PROBLEMS ASSOCIATED WITH ANGULATION OF GIMBALS AT 45 DEGREES
TO THE PINS
When a gimbal assembly is angulated in a plane at 45 degrees to a plane
through the pin center lines, a torsional stress is imposed on the bellows. Because of
pin clearance and small deflection of gimbal components, this torsion is not apparent
in most gimbals which do not exceed 9 degrees angulation in a 45-degree plane. Con-
sequently, this torsion has not constituted a problem in designing gimbals which do not
have excessive angulation. However, when angulation is required in excess of 9 degrees
in the 45-degree plane, the torsional stress rapidly increases and could have cata-
strophic consequences if not provided for in the gimbal design. The lugs would also be
subjected to high torsional stresses which would be transmitted to the duct.
If an elbow or short straight section were adjacent to the gimbal, severe
stresses may be imposed with resultant buckling. Particular attention should be given
to the location of gimbals in the line and in gimbal orientation to avoid excessive angu-
lation in a plane at 45 degrees to the pins.
4.5 GIMBAL JOINT OPTIMIZATION STUDY
With this understanding of how the design parameters affect the individual
gimbal joint details, a study was made of an existing gimbal joint with the goal being
to optimize the design. This work was a three phase effort consisting of:
• Optimizing the joint by concentrating on the gimbal ring and ring-lug
attachment since the ring is the heaviest single member in the joint
• investigating the possible weight reduction by simply changing materials
• Developing new flexible joint concepts to replace the existing gimbal joint
4.5.1 Phase I - Gimbal Ring and Attachment Optimization
The gimbal joint to which this optimization is being compared contains a
double-shear, ring-pin-lug attachment. The double-shear attachment is desirable for
easing the pin and pin attachment problems. Double-shear also loads the ring as
shown below:
where: P = 1/2 pressure plug load
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These loads produce bending and torsional moments in a ring which varies from zero
to a maximum and which are out of phase by 45 degrees. These moments are shown
by the expressions:
Maximmn bending moment = P_rr (in plane of pins)2
Maximum torsional moment = Pr(0.414) (at a 45-degree angle to plane
2 of pins)
If the ring can be loaded eccentrically such as shown below, additional moments occur.
p P
These moments are expressed as:
Maximum bending moment
e
-l>r
2- -- E (at pins)
(torsional moment) e 2
+l>r
- -- ¢ (at pins)
-Pr (at a 45-degree angle to the pins)
Positive moments relate to those shown in the original case where:
e
E =--and
r
¢ < 0 if e is outside ring
E > 0 if e is inside ring
Summing these moments along the circumference of the ring yields moment
distributions such as those shown in Figure 6. Loading the ring with an external
eccentricity would induce higher ring stresses; therefore, it is advantageous to provide
an eccentric load which is applied inside the ring. The attainment of the beneficial
17
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FIGURE 6. MOMENT DISTRIBUTION IN A GIMBAL RING
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effects of this eccentric loading requires lug designs which do not resist the develop-
ment of these moments. In other words, the lug attachment should be maximized for
tensile loads and remain flexible to lateral loading and rotation. Therefore, the
gimbal lug should, in theory, be nothing more than a plate or block heavy enough to
attach the pin, or to reduce the bearing stresses induced by the pin during cycling and
pressure loading. This plate or block would in turn be attached to the lug flange by a
thin strap.
This simplified approach does not take into account the lateral load components
which occur during angulation and vibration. Modifying the concept to accept this
yields the idea of a latcral rcstraining dcvice which is attached to the duct at more than
45 degrees to the plane of the pins and to the lug plate as shown in the following sketch.
F S
M FL THIS MEMBER HAS
LOW RESISTANCE TO
"M" BUT RESISTS FL, F S
F
The optimum cross sectional shape of the ring would be a hollow box beam
member from practical as well as strength considerations.
Since the ring need not be attached to the lug, a freer choice of materials is
available. The use of titanium is recommended because of its high strength-to-density
ratio. Sufficient sections can be maintained to overcome the low modulus of titanium
with regard to the stainless steel or nickel-base alloys commonly used today.
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4.5.2 PhaseII - Retaining the Basic Gimbal Concept and Changing Materials
With the assumption that the bellows can be fabricated from a titanium alloy
(Ti-5A1-2.5Sn), and investigating the stresses developed in the existing Inconel 718
design, no change in convolution geometry was necessary. Therefore, the weight
reduction is simply a function of the ratio of densities.
Assuming no other changes in the shapes of the other gimbal components,
their weight reduction is a function of the ratio of material densities which is:
Titanium
= 0.58
Inconel 718
This assumption is felt to be valid since the yield strength of the titanium alloy under
consideration is reported to be as high as Inconel 718 at cryogenic temperatures.
4.5.3 Phase III- New Flexible Joint Concepts
Low-l>rofile Gimbal Joint
Reducing the gimbal ring diameter results in a direct weight reduction.
Normally, the gimbal ring of externally structured gimbal joints must have an inside
diameter large enough to clear the bellows during angulation. The low-profile gimbal
joint has the bellows divided into two segments (dumbbell-shape), the space between
consisting of line-size tubing. This space is utilized for reducing the gimbal ring
diameter.
The original concept considered a spherical surface in the space between the
bellows segments. The spherical surface had its center at the center of rotation of
the joint and was intended to suppress bellows instability by restricting lateral transla-
tion of the bellows centerline. A motion study revealed that the intermediate tube, if
restrained to rotation only about the gimbal center, would cause excessive offset
deflections in the bellows segments.
This flexible joint was chosen for further study and reduction to hardware.
Since bellows fatigue life was not in question (the fatigue capability of the bellows is
capable of being varied by design with little or no change in structure), only ultimate
!strength tests were performed on this unit. The joint dimensions are shown in
Figure 7 and the actual joint is shown in Figure 8. The material of the joint is
Type 321 stainless steel, including the bellows; the gimbal ring is titanium alloy,
Ti-6AI-4V; and the pins are Haynes A11oy 25 (L605). The design was compared to av
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FIGURE 7. SCHEMATIC OF LOW-PROFILE GIMBAL JOINT (Sheet 1 of 2)
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FIGURE 8. LOW-PROFILE GIMBAL JOINT 
existing gimbal joint now being used on the Saturn S-1C stage fuel pressurization 
system. The existing gimbal joint was fabricated entirely from Inconel 718 and weighed 
approximately 4.5 pounds while the low profile joint weighed 1.7 pounds. 
Admittedly, the low-profile design achieved part of its weight reduction by a 
reduction in margins of safety. These reductions, however, were not to levels below 
des ip  gromd-rule~. Specifically, the gimbal ring margin of safety in torsion was 
reduced until the torsional stress was equal to ultimate at design burst pressure, 
whereas the Saturn S-IC gimbal joint ring did not yield at  burst pressure. By this 
method, small increases in ring weight greatly increase ring section modulus and 
therefore the margin of safety. Also, the low-profile gimbal was not subjected to 
dynamic tests as an integral part of a ducting system. This dynamic environment 
however, is not expected to affect the assumptions since the decreased mass of the 
new design would contribute to lower system responses. 
The basic weight reduction has been achieved by: 
The small gimbal ring 
0 Utilizing titanium for the gimbal ring material 
0 The reduced eccentricity in the lug-to-tube load path a s  a result of the 
smaller ring 
0 The use of a thin cone as  a lug flange for carrying the load from the lug 
to the tube as  opposed to a machined flange which is essentially a thick, 
flat plate 
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FIGURE 9 .  
INSTRUMENTATION FOR ULTIMATE 
STRENGTH TESTING OF THE LOW- 
PROFILE GIMBAL JOINT 
FIGURE 10. STRESS MEASUREMENT WITH STRESS- 
COAT LACQUER 
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The ultimate strength test consisted of pressurizing the flexible joint internally
to failure. Six strain gages were fixed to the joint; three located on the lug adjacent to
the lug-to-cone attachment weld, and three located on the cone itself (Fig. 9). The
location of the strain gages was intended to determine the ability of the light lug and
cone combination to distribute the concentrated pin load into the duct wall over a large
part of the duct circumference. The unit was also coated with stress-coat lacquer to
observe the strain which was occurring in all the gtmbal members (Fig. 10). Failure
occurred at 780 psig by failure of the pin-to-lug welds resulting in separation of the
gimbal structure (Fig. 11). The failure is attributed to the torsional/bending failure
of the titanium gimbal ring. The distortion of the lug and ultimate tearout of the pin
from the lug was caused by the rotation of the ring at the pin.
Bellows squirm occurred between 550 and 600 psig. An instability analysis,
using the method developed during the program, predicted that squirm would occur at
572 psig. At 650 psig, the convolution adjacent to the gimbal ring contacted the ring
edge and continued thereafter to fold itself around the ring.
In summation, the gimbal structure (except for the ring) exhibited strengths
in excess of that required for the burst requirement. The failure of the ring indicates an
area where improvement can be achieved by a minor change if uprating of the gimbal
is desired. For example, if the ring rigidity can be increased, thereby avoiding lug
distortion, the cone appears to be capable of carrying additional loads. Increased
rigidity of the ring can be gained by small increases in ring width. If additional
strength is desired, another ring can be installed on the outside of the lug with no
changes to the lug and cone designs; however, some modifications to the pin attachment
would be required.
Four-Lug Gimbal Joint
The concept shown in Figure 12 is primarily intended for large diameter
flexible joints where achieving rigidity in lug flanges, subjected to the st_dard two-
point loading, offers weight penalties which can be excessive. The joint consists of
two concentric gimbal rings, each carrying half the end load. Each end-flange contains
four lugs, one set pinned to the outer rings and the other set in a plane 90-degrees
from the plane of the first set and pinned to the inner ring. Each flange is identical
except rotated 90-degrees from the other. In essence, two gimbal joints are created
which are coincident with each other. Each lug carries one-fourth the end plug load;
25
FIGURE 11. FAILURE OF THE LOW-PROFILE GIMBAL JOINT 
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FIGURE 12. FOUR-LUG GIMBAL JOINT CONCEPT
the total load, therefore, being distributed into the flange at four points (every 90
degrees). Conservative analyses indicate that the section modulus of the four-lug
flange can be reduced to approximately one-half that of a two-lug flange for the same
diameter and working pressure.
Bellows-Sealed Ball Joints
The concept of the bellows-sealed ball joint was advanced in various forms.
Basically, this joint consists of a light shell restraining structure with angular
deflections permitted by rotational surfaces in bearing contact. Most concepts
envisioned spherical bearing surfaces, while one concept puts forth mutually perpendic-
ular cylindrical surfaces (Fig. 13).
Advantages of the ball joint are:
• Lighter weight
• No induced torque in bellows similar to that produced by gimbal joints
• Less parts; therefore, more reliable and lower cost
• Uniformly distributed loads across the joint
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FIGURE 13. BALL JOINT CONCEPTS
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Disadvantagesare:
• Higher forces to angulate, since resisting moments are a function of
radii about the center of the joint as opposed to relatively small pin
radii of glmbal joints
• Inability to prevent torque from entering bellows due to system loading
without the addition of other devices
The lighter weight of the unit is felt to be, by far, the greatest value of the
ball joint; not only for the obvious space vehicle payload considerations, but from
dynamic considerations of the ducting system itself. From this standpoint, the advan-
tage of uniformly distributed loads across the joint into adjacent tubing is of particular
value.
Continuing the discussion of dynamic considerations, the disadvantage of
higher forces to angulate can be turned into an attractive feature. These higher forces
are developed by large friction areas which can absorb considerably more dynamic
energy than the pins in gimbal joints. It is conceivable that the bearing surfaces can
be selected to match the damping needs of the entire ducting system. For example,
consider a three flexible joint system typical of many Saturn vehicle flexible ducts.
Reaction loads on attachment flanges and supports are most often developed by the
joints which are adjacent to these points since their distances and, therefore, moments
are the least. The center flexible joints contribute little in the way of reaction moment
since the distance from these points is large. Since the center flexible joint also
presents the largest unsupported mass in the system, a lightweight ball joint with high
coefficient of friction contact surfaces would tend toward optimizing not just a joint,
but the entire duct system. The end joints could be ball joints with low coefficient of
friction surfaces or, if necessary, gimbal-type pin joints.
The ability to vary the surfaces of the ball joint is afforded by the amount of
ball contact area which can be developed by relatively thin annular projected areas.
For example an annular contact surface 3.50 inches inside diameter and 3.75 inches
outside diameter (1/8 inch wide) contains 1.42 in.2 of projected area. If the bellows
mean diameter was 3.25 inches and the system working pressure equaled 100 psig, the
bearing pressure on these contact surfaces would be only 585 psi.
One problem area in the design of a ball joint was the characteristics of
various materials in sliding contact. Since the ball surfaces and structure would be
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operating in a vacuum (the vacuum created by an insulating jacket or the vacuum of
space), the surface characteristics under these conditions need to be known. Specifically
• Number of cycles of sliding versus bearing pressures prior to galling in
a vacuum
• Friction factor versus number of cycles in a vacuum
A preliminary study indicated that these data were not readily available; therefore, a
testing program was inaugurated to provide this information.
4.6 BELLOWS INSTABILITY STUDY
Bellows instability, or squirm, is one of the limitations of a bellows which
the designer must take into consideration when designing a flexible joint. Instability
considerations generally limit the maximum length of the bellows and a minimum spring
rate and therefore higher resulting deflection forces. In an attempt to increase the
instability pressures, and/or reduce spring rate, the mechanism of squirm and the
prevalent prediction techniques were reviewed. From this review, it was determined
that the best way to improve bellows instability was to refine the prediction method to
a point where the conservatisms used today, as a result of present prediction inaccur-
acies, were reduced to a much lower percentage of the pressure requirements. Since
most flexible ducting systems are, in essence, tension systems whereby bellows
expansion joints are restrained against axial deflection but must angulate, this instability
becomes more critical since a bellows is prone to squirm at much lower pressure when
angulated.
The conventional expression which was used to predict the critical squirm
pressure, is given as:
_ 2y
Pcr L x SR A
where: SR A = computed axial spring rate of bellows
L = length of bellows
None of the terms in the preceding equation take into account any stresses
which exist in the bellows nor the relative strengths of the materials of constructions.
The expressions for spring rate are a functionof YoungVs modulus; however, the
differences in critical squirm pressures for various materials have created much con-
cern over the use of these expressions.
3O
Most stainless steels and superaUoys used as bellows materials have similar
or identical Young's moduli. In the conventional instability expression, the critical
instability pressure is directly proportional to the modulus of elasticity. Therefore,
squirm predictions, using the conventional equation are accurate only while the stress
state of the bellows remains within the elastic limit. Generally, in low cycle systems,
the bellows stress at full angulation exceeds the material's yield strength. Therefore,
once the compressive meridional membrane stress in the bellows exceeds the yield
point, the elastic modulus no longer applies.
During this program, a fundamental hypothesis was confirmed regarding the
relationship between material modulus of elasticity and critical squirm pressure.
Testing carried out during this program has confirmed a previously conceived theory
that critical squirm pressure in the plastic range is proportional to the tangent modulus
of the stress-strain relationship. The conventional critical squirm pressure equation,
has been modified by the ratio of tangent modulus over elastic modulus.
2_
Pcr= _ SRA (Et/E)
Therefore, the expression now states that the critical squirm pressure is roughly pro-
portional to the yield strength. This expression agrees with the test program results
that indicated that Inconel 718 bellows will squirm at pressures approximately three
times as high as the Type 321 stainless steel bellows.
The relative accuracies of the conventional instability expression versus the
improved method for both Inconel 718 and Type 321 stainless steel bellows are shown
in Figures.14 and 15. Since the spring rate term in the expression is being modified
by the ratio Et/E, we can now answer the question: Why does the spring rate of bellows
vary with the increasing deflections ? In the past, the load-to-deflect was assumed to
be linear with the deflection.
During the program, 47 bellows of both materials and various configurations
were tested. The bellows were 3-inch inside diameter, and ranged from 3.3 to 3.6
inches outside diameter. The number of convolutions were held constant at 10 per
bellows. The specimens were of both single ply and two ply construction. All bellows
were spring-rate tested prior to squirm testing, and squirm testing included bellows
in the undeflected and deflected conditions up to 12 degrees angulation. A typical
squirmed bellows is shown in Figure 16.
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FIGURE 16. 
TYPICAL SQUIRMED BELLOWS 
Since bellows instability is similar in nature to a column compression failure, 
a reasonable conclusion to this effort would be to install bellows into flexible joints 
with tensile rather than compressive preloads. Under very high-pressure conditions, 
this might lead to the possibility of pretensioning bellows to a deflection equal to the 
compressive deflection during angulation. This idea, no doubt, will have to be modified 
by the total stress consideration. However, a compromise can be reached which will 
permit increasing the predicted bellows instability o r  the lowering of bellows spring 
forces. 
Test procedures and data which were generated and used during this phase of 
the program are shown in Solar Engineering Report, M-1794, dated 19 August 1965, 
which i s  included as  Appendix I. 
4.7 BALL JOINT SURFACES FRICTION AND WEAR STUDY 
To design ball joints for flight service, a knowledge is required of the change 
in the coefficient of friction of the sliding surfaces which occurs during repeated cycling. 
In addition, the designer must know the number of cycles which various material and 
surface combinations can be expected to withstand before seizing occurs or  at least 
before the friction coefficient exceeds reasonable limits. Since the majority of motions 
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of anupper stage, liquid hydrogen-fueled vehicle duct system would occur in the vacuum
of space, the flexible joints would be operated in a vacuum or vacuum insulation of
some type, therefore the environment in which the necessary data are gathered should
include a vacuum. Toward this end, a test program was performed in which 22 test
items with cylindrical contact surfaces were cycled in a vacuum to 10,000 cycles or
seizing, whichever occurred first. During cycling, bearing pressures were varied to
simulate various flexible joint internal pressure loads. A schematic of the test setup
is shown in Figure 17; Figure 18 shows the actual equipment. The test procedure is
included in this report as Appendix II.
In the desire to achieve conservative design data (i. e., to not produce data
which, being based upon the ultimate in surface conditions, could not be achieved in
production) the following ground rules were established:
• Contact surface radii were to be 6.00 + 0. 010 inches
• Surface finishes were to be 16 RMS
Figure 19 shows the test specimen configuration and dimensions. Table I lists the
test specimens and Table II lists the test results. Figures 20 through 41 show the
specimens at the completion of testing.
The specimens tested represented three groups of materials and material
combinations:
• Common Ducting Materials. CRES Type 321 and Inconel 718 in contact
with themselves and with each other, bare metal and dry lubricated.
This is obviously the simplest and lowest cost system.
• Hard Facings. Metallic materials which have been developed to withstand
sliding motion and prevent base metal failure such as:
Hard Chrome Plate
Haynes Stellate Alloy No. 12
Asarcon 773 (continuous cast bronze bearing) by American Smelting
and Refining Company (lubricated with molydisulfide coating)
Super Oilite No. 16 (bronze) by Amplex Division, Chrysler Corp-
oration (lubricated with molydisulfide coating)
• Low Friction Materials. Self-lubricating materials for high-cycle life
and/or low-coefficient of friction.
Teflon impregnated fibre glass (W. S. Shamban Company)
Teflon impregnated bronze (Turcite B - W.S. Shamban Company)
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FIGURE 18. CYCLE-PRESSURE TEST SETUP 
The materials in these groups had the common characteristics of: 
0 Compatibility -With t3e inaterids of constmcfion of the ducting system 
Compatibility with the fluids being transferred 
0 Compatibility with the manufacturing techniques employed in the fabri- 
cation of present LH2 fluid transfer systems 
environment 
0 Compatibility with the cryogenic temperature and vacuum pressure 
0 No maintenance required after installation 
At the test program inception, it was envisioned that bearing pressures in the 
order of those being felt by gimbal pins (approximately 20,000 psi) could be handled by 
the specimens. The equipment was, therefore, designed to impart normal loads cap- 
able of achieving these pressures. The earliest specimens, however, seized and 
cold-welded almost immediately under these loading conditions. The loads were 
then lowered to produce from 250 to 3,000 psi bearing pressures on the specimens. 
BLOCK
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FIGURE 19. BALL JOINT TEST SPECIMEN CONFIGURATION AND DIMENSIONS
The study was self-limiting in that all testing was performed at 100 cycles per
minute and arc deflections were held constant at + 0.375 inches or + 3.5 degrees. With
these constants, the effect on surface life and change in friction factor as a function of
surface velocities and accelerations could not be determined.
As indicated in Table II, most of the specimens experienced severe galling
early in the cycling. Even with reduced bearing loads and dry film lubricants, break-
down of the surface was, in many instances, almost immediate. Part of this breakdown
could be attributed to localized bearing pressures resulting from mismatch of the mating
surfaces. This mismatch however, was within the tolerances to which the specimens
were fabricated. To reiterate, these tolerances, primarily dimensional, were per-
missible as the low cost aspect and conservatism of the goal.
The lack of heat dissipation in the vacuum contributed to the surface failures.
Some tests, which were halted and restarted at work shift changes, exhibited a return
to low actuation forces, followed by a rapid increase to levels equal to those prior to
the halting. From this lack of heat dissipation it can be assumed that the life of these
surfaces would be extended if the flexible joints were subjected to cryogenic service.
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TABLE I
FRICTION TEST SPECIMENS
Test
Item
-2
-1
-3
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
Specimen Type Test Specimen Description
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
:7 block
-26 shoe
-7 block
-26 shoe
-7block
-26 shoe
-7 block
-26 shoe
Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 1005 (Electrofilm, Inc.) Material, Inconel 718
4 RMS surface finish. Material, Inconel 718
Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 1005 (Electrofllm, Inc. ). Material, Type 321 stainless steel
4 RMB surface finish. Material, Type 321 stainless steel
16 RM_ surface finish. Material, Inconel 718
16 RMS surface finish. Material, Inconel 718
16 RMS surface finish. Material, 'l_,pe 321 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution. Electro-
film 77S (Electrofilm, Inc.). Material, Type 321 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 77S (Electrofflm, Inc.). Material. Type 321 stainless steel
16 RMB surface finish. Material, inconel 718
14 RMS surface finish. Material, Inconel 718
Hard chrome plate in accordance with AMS-2406C and grind to RIV_ surface finish
(0. 015-inch plating thickness after grinding). Material, Type 321 stainless steel
14 RMS surface finish. Material, Type 321 stainless steel
Hard chrome plate in accordance with AMS-2406C and grind 16 RMS surface finish
(0. 015-inch plating thickness after grinding). Material, Type 321 stainless steel
Coat with Haynes Stellite alloy 12. Grind to 16 RMS surface finish (0.06-inch
thick after grinding). Material, Type 347 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Coat with Haynes Stellite alloy lz. Grind to 16 RMS surface finish (0.06-inch thick
after grinding). Material, Type 347 stainless steel
16 RMS surface finish. Material, inconel 718
Torch braze Asarcon 773 (American Smelting and Refining Co. ) insert {width 0.99 to
1.00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F. Material, Type 321 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Torch braze Asarcon 773 (American Smeltir, g and Refining Co.) insert (width 0.99 to
1.00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F. Material, Type 321 stainless steel
16 RMS surface finish. Material, Inconel 718
Torch braze Super-Oilite 16 (Amplex Division of Chrysler Corp.) insert {width 0.99
to 1.00-inch by 0.12-inch thick} to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F. Material, Type 321 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Torch braze Super-Oilite 16 (Amplex Division of Chrysler Corp. ) insert (width 0.99
to 1.00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F. Material, Type 321 stainless steel
16 RMS surface finish. Material, Inconel 718.
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TABLE I
FRICTIONTEST SPECIMEN(Cont)
leB_.
Item
-17
-18
-19
-2O
-21
-22
Specimen Type Test Specimen Description
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
Bond the Teflon-coated glass cloth (W. S. Shambam Co.)(0. 014 inch thick) to
-7 block (with bonding kit No. 2, Fluorocarbon Co.). Material, Type 321 stainless
steel
16 RMB surface finish. Material, Type 321 stainless steel
Bond the Teflon-coated glass cloth (W. S. Shambam Co.)(0.014 inch thick) to
-7 block (with bonding kit No. 2, Fluorocarbon Co.). Material, Type 321 stainless
steel
16 RMS surface finish. Material, Inconel 718
Passivate in accordance with MIL-S-5002 and dip in tungsten disulfide solution,
Electro-film 2606 (Electrofilm, Inc. ) and cure 2 hours at 180 F and 2 hours at 400 F.
Material, Type 321 stainless steel
16 RiV_ surface finish. Material, Type 321 stainless steel
Passivate in accordance with MIL-S-5002 and dip in tungsten disulfide solution,
Electro-film 2606 (Electrofilm, Inc. ) and cure 4 hours at 180 F and 2 hours at 400 F.
Material, Type 321 stainless steel
16 RMS surface finish. Material, Inconel 718
Bond Turclte Type B insert (width 0.99 to 1.00 inch) to -7 block. Material,
Type 321 stainless steel
16 RMS surface finish. Material, Type 321 stainless steel
Bond Turcite Type B insert (width 0.99 to 1.00 inch) to -7 block. Material,
Type 321 stainless steel
16 RIV_ surface finish. Material, Ineonel 718
The best test results were achieved with Asarcon 773, Super-Oilite No. 16,
and Teflon impregnated fibre glass against both Type 321 stainless steel and Inconel 718.
Friction factor versus number of cycles curves for the preceeding bearing inserts are
shown in Figures 42 through 47. As expected, the Teflon showed the lowest coefficient
of friction and life spans up to 10,000 cycles. In the low cycle region (to 2000 cycles),
steady or constantly changing coefficients were experienced with the other two mat-
erials. An exception to the lack of difference accountable to either the Type 321 stain-
less steel or Inconel 718 shoe materials were specimens No. 13 and 14 (Asarcon 773
against Type 321 stainless steel and Inconel 718, respectively). Specimen No. 14,
even at higher bearing pressures, exhibited little or no galling at 10,000 cycles (Fig. 31).
While Sanborn traces on specimen No. 13 indicated block surface failure at 2000 cycles,
testing was continued to 10,000 cycles (Fig. 30).
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TABLE II
FRICTION TEST RESULTS
Test
Item
-2
-1
-3
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
-18
-19
-20
-21
-22
Bearing
Load
(lb)
2O00
2000
1000
i000
5O0
2000
1000
500
2000
2000
2000
2000
4000
6000
4000
2000
4000
4000
6000
2000
2000
8000
4000
Breakaway
Force
(lb)
1000
600
640
425
1200
400
155
400
2100
2000
1000
340
230
550
350
20O
400
185
400
270
280
500
200
Actuation
Force Range
(Dynamic)
1500to4000
5200to5600
4000
425to4800
1600to2000
400to4000
(400 lb to 550
cycles)
400to4600
400te i000
2100 to 4000
2000 to 5200
1000to4000
ll0to 1900
200to 1000
550to3400
350to2500
200to300
400 to 260
200to325
350to 1220
500to3600
200to3200
550to 1550
200
Total
Number
of Cycles
60
134
50
261
1950
720
2982
10,000
628
16
84
i0,000
i0,000
2594
10,000
10,000
i0,000
10,000
2412
203
261
978
504
Remarks
Galling at approximately 15 cycles (Fig. 21)
Immediate galling (Fig. 20)
Immediate galling
Immediate galling (Fig. 22, 23, 24)
Immediate galling
Galling began at 550 cycles (Fig. 25)
Rapid rise in actuation force at 1100 cycles
(Fig. 26)
Actuation force fluctuated between 800 and
1000 pounds after 800 cycles
Immediate galling (Fig. 27)
Immediate galling (Fig. 28)
Immediate galling (Fig. 29)
Galling began at 2000 cycles (Fig. 30)
Steady actuation force of 800 pounds from
2000 to 9500 cycles (Fig. 31)
(Fig. 32)
Fluctuating actuating forces (Fig. 33)
(Fig. 34)
Load dropped to 260 at approximately
2000 cycles (Fig. 35)
(Fig. 36)
Galling at 2400 (Fig. 37)
Immediate galling (Fig. 38)
Immediate galling (Fig. 39)
Insert squeezed out from under block,
causing metal to metal contact (Fig. 40)
Test stopped. Material observed squeez-
ing out sides of block (Fig. 41)
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FIGURE 20. BALL JOINT TEST SPECIMEN TYPE - 1 
I FIGURE 21. BALL JOINT TEST SPECIMEN TYPE - 2 
42 
FIGURE 22. 
~~ 
BALL JOINT TEST SPECIMEN TYPE - 6; 
500 Pound Bearing Load, 1950 Cycles 
FIGURE 23. BALL JOINT TEST SPECIMEN TYPE - 6; 
1000 Pound Bearing Load, Cold Welded 
at 261 Cydeg 
FIGURE 24. SPECIMEN SHOWN IN FIGURE 23 
AFTER SEPARATION 
FIGURE 25. BALL JOINT TEST SPECIMEN TYPE - 7; 
2000 Pound Bearing Load, 720 Cycles 
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FIGURE 26. BALL JOINT TEST SPECIMEN TYPE - 8; 
1000 Pound Bearing Load, 2982 Cycles 
FIGURE 27. BALL JOINT TEST SPECIMEN TYPE - 10; 
2000 Pound Bearing Load, 628 Cycles 
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FIGURE 28. BALL JOINT TEST SPECIMEN TYPE - 11; 
2000 Pound Bearing Load, 16 Cycles 
FIGURE 29. BALL JOINT TEST SPECIMEN TYPE - 12; 
2000 Pound Bearing Load, 84 Cycles 
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FIGURE 30. BALL JOINT TEST SPECIMEN TYPE - 13; 
2000 Pound Bearing Load , 10 , 000 Cycles 
I 
FIGURE 31. BALL JOINT TEST SPECIMEN TYPE - 14; 
4000 Pound Bearing Load, 10,000 Cycles 
47 
FIGURE 32. BALL JOINT TEST SPECIMEN TYPE - 15; 
6000 Pound Bearing Load, 2594 Cycles 
FIGURE 33. BALL JOINT TEST SPECIMEN TYPE - 16; 
4000 Pound Bearing Load, 10,000 Cycles 
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. 
FIGURE 34. BALL JOINT TEST SPECIMEN TYPE - 17; 
2000 Pound Bearing Load, 10,000 Cycles 
I 
FIGURE 35. BALL JOINT TEST SPECIMEN TYPE - 17; 
4000 Pound Bearing Load, 10,000 Cycles 
49 
FIGURE 36. BALL JOINT TEST SPECIMEN TYPE - 18; 
4000 Pound Bearing Load, 10,000 Cycles 
FIGURE 37 ,  BALL JOINT TEST SPECIMEN TYPE - 18; 
6000 Pound Bearing Load, 2412 Cycles 
50 
FIGURE 38. BALL JOINT TEST SPECIMEN TYPE - 19; 
2000 Pound Bearing Load, 203 Cycles 
FIGURE 39. BALL JOINT TEST SPECIMEN TYPE - 20; 
2000 Pound Bearing Load, 261 Cycles 
5i 
FIGURE 40. BALL JOINT TEST SPECIMEN TYPE - 21; 
800 Pound Bearing Load, 978 Cycles 
FIGURE 41. 
BALL JOINT TEST SPECIMEN TYPE - 22; 
4000 Pound Bearing Load, 504 Cycles 
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INSULATION
Liquid hydrogen ducting on the Saturn V vehicle are insulated with rigid met-
allic vacuum jackets. The scope of work in this contract dictated that insulation studies
should not include this type of jacketing. A review of nonmetallic, nonrigid insulations
used for tankage and other types of liquid hydrogen vessels and lines indicated that
vacuum is still an important characteristic of an efficient insulation. The mission en-
vironment, which was envisioned for this study, was that of a vehicle required to
restart its liquid hydrogen-fueled engines after relatively long periods of coasting in
space. The heat leak to the fuel in the wetted lines during these coasting periods was
assumed to be potentially higher than prior to lift-off and during launch. To meet this
environment, an insulation is suggested (Fig. 48) which performs similar to some of
the present tankage type insulations. This insulation consists of a heat-shrinkable
Teflon tube which encapsulates a layer of Teflon wool similar to TEF-E-NUZ, a pro-
duct of the W.S. Shamban Company. Inside the outer heat shrinkable Teflon tube
would be a layer of aluminum foil acting as a radiation barrier. The ends of the heat-
shrinkable Teflon tube would be sealed to the exterior of the liquid hydrogen duct adjacent
to the flanges. The space containing the Teflon wool would be purged with a condensible
gas such as carbon dioxide or nitrogen. During chill-down in ambient air, the conden-
sible gas would create a vacuum within the heat-shrinkable Teflon tube causing atmos-
pheric pressure to collapse the tube around the duct. While in atmosphere, this
collapsed tube, which would compress the Teflon wool, would not be as efficient an
insulation as a rigid vacuum jacket. However, as the vehicle !eaves the atmosphere,
the Teflon wool would have sufficient resiliency to spring the outer Teflon tube back to
its original diameter thereby creating a vacuum jacket which would be highly efficient
against heat sources such as the vehicle and the ambient temperature of space. The
Teflon wool provides many, but long heat paths of high resistance from the inner tube
to the radiation barrier. Being of small diameter filament, the stresses within the
wool while compressed would not be high enough to permanently set the wool into a
compacted condition.
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FIGURE 48. NONRIGID VACUUM INSULATION CONCEPT
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CONCLUSIONSANDRECOMMENDATIONS
The work attemptedduring this program was by no means intended to cover
all the possible avenues of improvements in liquid hydrogen flexible ducting technology.
The work that was done provides, in many instances, indications of areas of further
fruitful effort.
Logically, we can conclude that the boltless flange concept, which consumed
some of the effort in this program, has advantages over existing flanges and should be
pursued in some future work. Practical problems still exist to its ultimate use in a
flying system, such as the proper structural sealant material, but these are not con-
sidered to be insurmountable.
The weight of tubing in a flexible ducting system becomes important as system
lengths increase. Materials of higher strength-to-density ratios than those which are
being used today are presently available. However, little information exists as to these
materials' ability to withstand the forces generated by a dynamic environment. It is
recommended, therefore, that future work be devoted to analytical and empirical studies
to more accurately predict the dynamic response of ducting systems and the ability of
various materials to withstand these environments.
The flexible elbow described in Section III was presented as a concept. Future
work should include analytical studies of the limits of this type of joint, and mechanical
studies to determine the additional components which may be required for high-pressure
applications. Trade-off studies based on weight, dynamic responses, and reliability
should also be made to ascertain the usefulness of the concept. Empirical studies
determining fabricability problems and performance characteristics should follow the
analytical effort.
In this program, a number of flexible joint concepts were generated. Those
which were pursued were felt to offer the greatest possible improvement in ducting
systems. The low-profile gimbal joint and four-lug gimbal joint were basically novel
applications of existing design techniques. The strength capability of the low-profile
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gimbal conceptwas demonstrated during the program. The ability of the joint to with-
stand dynamic environments shouldbe determined prior to any application of the con-
cept. Weight andcost saving trade-offs on existing equipment should be made to
demonstrate thoseareas where the fruits of this effort could be best applied.
Bellows-sealed ball joints seemto offer the most interesting area for further
study. The implications of dynamically tuned ducting systems is interesting in light of
the effort which went into the developmentof the large ducting systems being used on
the SaturnV vehicle. The weight savingswhich canbe achievedwith use of the ball
joint warrant additional studies andrequire developmentof anti-torque devices and
lightweight rotational structures. The friction study which was conductedin this pro-
gram andrecorded in Section4.7 attemptedto establish a basis from which reliable
designs could be made. The Teflon impregnated fibre glass offered the lowest coef-
ficients of friction through the 10,000 cycle range. Most of the other specimens
exhibited galling early in the cycling. However, the large amountsof bearing area
which can be designedinto ball-type joints offer the possibilities of reducing the bearing
stresses far below thoseused in these tests thereby permitting the assumption that
less sophisticated andless costly material combinations could be used. While cryogenic
temperatures would enhancethe cycling characteristics of most materials, experi-
ments at these temperatures shouldbe performed. Sometest results indicate that
lowering temperatures andproviding heat sinks for dissipating frictional energy will
greatly increase surface life. It is recommended, therefore, that this work be con-
tinued to include these untouchedareas. In addition, this work did not answer the
question as to the effect of surface velocities and accelerations attendantwith different
cycling rates andsmall excursions typical of dynamic responses.
The work onbellows squirm which was described in Section 4.6 was performed
becausesquirm or instability is a design limit which tends to force specific minimums
uponbellows spring rate and specific maximums on fatigue life. The inaccuracy of
past analytical methodsto predict critical squirm pressures resulted in higher than
optimum spring rates. This work demonstrated the accuracy of the improvements
madeto predicting critical squirm pressure, which is basedupon the realization that
manybellows are operated abovethe plastic range of the material.
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SUMMARY
A series of convoluted mtallic bellows were tested with internal pressure in an
effort to prove the validity of a new analytical expression for critical squirm
pressure in bellows. The expression had been discovered in recent spaee vehicle
ducting programs at Solar, but test confirmation was needed to enable general
application. Prior analytical method gave only approximate results. The new
method was confirmed by the tests reported herein. The results show that critical
squirm pressure for any bellows can be predicted within an accuracy of a few percent.
A total of forty-seven (47) bellows of two different materials and various configura-
tions were tested. The two materials chosen were AISI type 321, an austenitic
stainless steel; and Inconel 718, a high strength nickel base alloy. The bellows
ranged in size from, 3.3" to 3.6" outside diameter and all had I0 convolutions.
Bellows of both single ply and two PlY constr_ction were tested. Generally_ good
agreement was found betwsen the predicted and measured axial spring rate and criti-
cal pressure. Critical pressure (PcR) was calculated using the expression:
PCR " 2 SRA xL
where
R A I
L -
E -
Et -
axial spring rate
axial length of bellows
elastic modulus
tangent modulus
It was also found that the critical pressure for Inconel 718 bellows is approximately
3 times that for AISI type 321 bellows of the same configuration.
$OLAR 
A OivilliOn of Intllrl_ ItlOnlll HIIrveMiir OOmplllny
SUBJECT: H_S_ )r _ ,_O_eM/
sY: ,P,_ .....
ENe_NIEEmNeREPORT
.o..._717qq
PAGE_:V 0_..___ PAGES
JOB, NO,q _ i .....
PA_
i : : '
_7
32_
39
S .AR 
A Oiv_li_en of internltionll HIryester Company
BY:,., P,._
,, , , , i L i
ENGI N£ER t1_ REPORT
No. _i'--/7_,
PAGE V' OF__ PAGES
JOB NO ............
E
/PHOTO _ _-_PH 5
D-/
o-8
o[
SOLAR 
A Oivie_oe of Internltional Hlrvelter Complny
SUBJECT: N'_t _s_l"
BY: _.._#_
ENGINEERING REPORT
No. H-/7_
DATE (_- _ #_l_J'
PAGE _) OF.__ PAGES
JOB NO,
(b
E
E_
I
/.D.
L_
I.
M
/V
71.
O.D.
P_
5_
_L
E
&
>w
E
-I
SOLAR 
A ()ivieion of International Harvester Company
BY:
/NTeODUCT/oA/
ENG I NEER I NG REPORT
No. ,U/-/;q4
DATE _i./i___H-'
PAGE _ OF__ PAGES
JOB NO,
,,l.
_x_u/ gM
B_ME
/AITEIavA.LP_3}u/_e- //vSFA6/U TY, SOMeT"JME3 r_)
C_AN 66 A ._"_JOUS p__oScex_ _r-ojeu_J_--STJe,q_JeD
I
/N A p_ssu_zez) _YSTEM. TYYE PR_o_L,_4 MAy
MOPE CoMPUCATED IF TH6 _EL_ 13 Sud3deT-7"_O
7oe-TTMe'_ AX/AL o_ A_,ULAT"e"D MO_OA;3. TH/_ INST"AS/MTy
p_OSLEM _A5 FI_.ST IHVe'I_C_ATe-D _Y /-/A_/N_X IAt _e-_. 2.
5/AK._ THeTV V(..--_P,.TFc=}v 2_T_ Hmv_ BeE_ _v#./TT_"_q/_
_-E'Z*7/OMT_>-/-msf'__D_)ce--_,_._ce-Arrcy _kvp_sa_J C,ce-F. ,¢ )
7_e'_ TO (_TH_-- ALL AVA/L,_BCe PATA AA/D _TA-81-1S/+
Pe-3C,-A/Ee-_MMeW_AT/OM F-o/_ T_ ASA C_D6 F-a_ P_e_s_._
P/P/_l_-. H_ p_-oPoSe"_ A _A.F:_T_" F-A(..['o_ OF: IO _E usE'r3
 COLE MOST _e-?J.O_.% /A/._7"_FJ/U7"_" D_'3/(__S. /'/E ,4/-30 //_P/G_7"_D
7HAT T_ r5 _oT _ _77c.4,L FORMULA. THaT w/u. _L#7_"
L_CI< oF _o77+ EXHAUSTIVe- _NALYT/r-_I... STuDy _HD &'XTE_v._/_
PiCe'-_Sug.__ oz r-_T/c,4L. /_I67AB//JT, f p?_63su_L--/._ D_E_.TLy
P£oPo£"[7oA/A7_ 7"0 MOOcxLcL5 OF--_%A_S77 _/Ty E . .._u/_M
AP.E AcCuRATe- ONLY WHeN THE 5TZc--3_ ST_T_- oF THe"
_c-'ZL_o_5 R_L4AIAI5 VvIT"/./I_THe- _-?.-_57/C I.uM/T. ON(_ THG"
COMP/?_L:'._.5/V_" ME_/ D/OAJ_/.. M_-MDP._ME ._T,e_3$ IN 7H'E
_E?.6DwS BET.OME'S Pt_STtE , THe- E'ZAST/E MODU LcxS _JO
i
3
SOLAR
A OiviSion of Internltionli Hlrvlster Complny
SUBJECT: NA.SIg" _c_L_){_ S
ENGI NEER I NG REPORT
NO, M-17qq
DATE (_--if(_ "_ _"
PAGE _ OF_ PAGES
BY: p* ,.,_/E"_ JOB NO..
_.. Co_T'D)/ o ou cT/ ot, I
A C-,OF--F--GC,TtOA/ F-_TO_ Ol_ A Ne-'l_ _-ol_MULA THA T _/L.L_
P_e-D/cT WITH Amy" _e'A_=O_4.F3(.E A_cY" "/'He- 13E?.X.o_IS
IA/ _ece'M'F DucT/,,j_- P_CTIe,_rM._ AT 50LA_, T/'_--
t_UT/-fo/_ c_...o_C_/VL=Z:> AND A-PPL/e-Z_ _ U3_ OF _ 7-AM_
MODULUS A5 A FACTO,@.. IN _ :_ot_M PP_E-_suP_- E6_UA7"/oN.
T.#I5 p,4_ItU_L='Z.3 THE" 7RE_7M_-g_f7" oF P,e/MA,i_) r C_LU4,,I/v_ /_J_7"A_/UTy
HHE'_EItJ _ T_N__J" T MOD(2LI, t3 /_ U,_e"E) IAJ 7"#/E #L/._7"I(.../_)G_" .
/7" 2rPPc'7__E'D i?_e-_oN_ _ LE T#A T "/'H_- ,.9_./_" 77ee--4TMb'MT r._uu._
Be ,_)P_./ez> To 8¢_.2.o_/j /,vs7,,_/z../7-T _/VD _ _ TP-/,'_.. T_73
5UPPOB._ T#/3 HV'Po T_:-3/3 • FO_ F(.AE_ C-.OI_/_J_4AT/ON )
A s_es oF Te'_T_ wETeE T_-_u_ c__e'o o0"1"_ uSInG- Tmo
M,4.-/-_-"P_L.$ WITH" _'35e'/UT"/_LL._ I" -/"H_ SA-ME ELASTIE MODtlLOSt
_UT wITH" W_DEL_ D_FFE'P, EMT ELA_TIr.. _M_TS. THE" 7-E3T_
ANO _ 1_3UL,T3 /_1_,=- I_eT:>oP_TeD He'/_F_.IM.
TH_ _E'LLovJ5 .3PEc/ME-N3 W_'EE M,_DE OF AI3! 3_1
A_p I_co_/ek 7/8 mATz2,_k_. T_:-¢rEO_ETR¥ OF THE
_¢"L(..OI, JS NA3 L./MIT'_" D TO 71"le _Lr'_,_L. r,_NVoLclTL_D CLASS
_lTl4 VA.R./A-_O_5 l,,JSP,_.AJ H_"16-HT, TH_&IG3$, ,BAD/uS OF"
c,oNvoLu'T_orv AND _JuMSe"R. OF Pue-"3, S_ut_ "TE_T5
k/e"EE _NDUCT.e'P IN ,4- 3T_A.I_-I.tT /'_:_St7"/o_1 _ We-'t..C A_ l,v/
_/V_*?_.e CO/VD UCF'_D ,4r7- _OM "7e-MP__A-T(,,,_'- .
SOLAR ENGINEERINGREPORT
NO. ,U/--/?q4"
DATE 8--/_ ''__"
PAGE _ OF__ PAGES
 iv T_O p_cTto AI
>
w
_I
0
!
w.
i#1
i
wI
>
w
II
i
SOLAR '
A Oivisien of Internlt_onsl Hlrvesler Complny
SO_E_T:N,'I,SA'__-_ _,v,_
_,:,, ._,&_
ENGI NEERI NG REPORT
NO,
DATE
PAGE _1" OF_ PAGES
JOB NO,
METH-oD oF A_tALyS/S
//v A77"EY.4PT_" 7-0 Pe'_/vE
EQ ua_o_v F-__ X_ELI._V3
MADe" :
A ,T/MPZ.E S(_U/RM P/P-_sv,_'-
THE Fo_.cOM/,o _ ,455_MP7"/o_
I.
3.
4_
P_8-_TC.y 4DDtT?vE TO THE M_-'7_-!D/oMAL CDMP_E_/YE
Tt46 MA)C IMUIC_ P-_%PE_.T_v_ 5T1£_-_..%._ A_E A'_ UH_R:_ To
A_']"A 7 7_/_ ,S/,Me po/_T_ kvH/C_ /_ THE _O_)'/"or 7"H.,¢-
CO AXVOL U7?oH .
SOLAR 
A Oivilion of Internltionl! Hlrvester Company
SUBJECT: NAS/_F _E/.L.OG_JS ',_U/_/_
Pe_.
ENG I NEER I NG REPORT
.o. k-/?q'_
DATE ,f --r_-G.c
PAGE _" OF__PAGES
JOB NO,
_A
' (_z)- ,_t_ (9-, I#_E ) iS /_J t___O//hM3
-%-
Ivdem_c-
TT-/_ C_T,@C. L_i'O FOP.. A. ST_(J"T (A,;¢_'/
4 _T'(_z) ___)
L _
/=/X_-D /5
Su_7,Tuo_ (o /_'/-o (z )
=:
g
(
SOLAR 
A Otv_liee of Inlernltionll Hlrvelter Company
SU BJ ECT:
Me'7"/-/_D OF _/v,_..y@_s
ENGINEERING REPORT
No. _--/?'_i_
PAGE _ OF__ PAGES
JOB NO,
oF GE_S
p_,,x _R,."--c_>
"-_ Cs) _' (_4-)
,4
OA_Ly
_-_._ _ =
_ (G)
ht L I_
Z¢i
z
-o
i
i
SOLAR 
A Oivilion O! Internltionll Harvester Company
SUBJECT: NA5A BGLLolx_ ,Sc£UtP.Ml
BY: J)"-_/ifi_ JOB NO,
ENG INEER I NG REPORT
.o. _,-v 7_/q
PAGE "70F_ PAGES
/we/,VoD oF ,,IWm_:s
ST_ , _ e_UAT, om.
LeT 7_I_ B_p_. _rT_ Z_ fb
-F_o ,,4, 67)
E
A_ID IDo% 5(Pu,P-A4 #_;>uS_- = _L x 5eJl.
_lY,4,oz_- _ALCu/wlT/_ 3.
1
Q
z
a
=
.9,"
_s
SOLAe 
A Oivieion Of Inlernationll Hatveeler Company
BY. ,D,,_HeH
ENG I NEER I NG REPORT
_o, M-/'pf 4.,
PAGE..JL OF_ PAGES
JOB NO,
A
THe- T_T
/vu/_B_--_ AND ,_4_ /,q6,-,o/_oJ ,3,_o_J5
oN P,_#._ /0 .
F--o_ PeI'A/L. "_T 5e7"-uP,
:_) 7"_7 PP.o_uP._ _ PA_T oF P-_7=.
5/_5_-7"C_ oF 4 7"Y'P/c_L 7_'3-/" 5P_:./Me-/q /_
THE /c_)/.-_t/_J(#-P,_SE. /4- O_T OF
.SPe'_//_ AwO Ttya/_ /DeA/T/F/c_77o_
c,_J _e F-_u_vO
7"_T _ u/P/__rl"
IS/,vc_oDSD
w=1
SOLAR
A Divloion of Inlornationll Nlrvoller Company
BY: CXS(_'_4
ENG I NEER I NG REPORT
No, M--I'_"
DATE _"--I_-_(
PAGE __ OF.,._...... PAGES
JOB NO,
_6EOM_ n_T o_ T_T 5Pe-_'_i
_ELI.oldS /
b_ _-o To e_o
P_T_.
J
]e Do H , _ ii
¢_
OZ.= NO. OF PLI_
r,,I = No. OF C.o_JL/OL.d'Bo_6 = I0
O.D.= OuTs/DE" D/,gMe7"_
I. 0.= / _v_;/ z:_ D n_ M c"7"el_
o_ = _a_m_,soF co_JV'OLdT_o_
L = TEmpO /._T-,"I.
( FoE 2.- PLY 8Glx.ov_5, 0., z.D. _ OD. A_E-MeT_u_o TO TUg Pb_/6 t_e_ Pc/_)
=;
m
SO'AR '
A C)ivisien of Internationsl Harvester Company
SUBJ ECT: N, s4  uJe f
ENGINEERING REPORT
NO. _-f?q4-
PAGE _'" OF_ PAGES
JOB NO,
--_ t/ L//m=I.D. :Z.q l 5_ TeST/._.-7",v ,,v
N =/0
.DESU_ .4.P_'_uolx D
O,L)."
_." (--_)
p_,_,u6- Ho, ¢ 5Pe'z/Mm_,v' ,'V'O.
O,of:L.O)_,(_
A z _ 1 32.,I I,V_"Z. 7/9
33-5 o,o-!{ o.olo(_) ellol-I) RIoI-Z.. _10_-I jcllo_.-Z,.
3.:_ e,on4 o,o_o(._.) C(io_
_.:_ o,07 4. o ,oi"2.(_.3 c(iO_
_.._ 0,o5-"_ 0,o(0 C_) otl oq -I _q I 0"7-_,
5"_ O, Ob"l 0,0_.0) g I0 8-1 _q 10_,-2,,_ I0_-_
_,'t. o,o74- o,o_o o) q _o¢1
}4. O,o"H- 0,o_2.(0 _111-1, qt_-7,., C(II"Z.-I _ qt_2-_
-3,,_ o,o_-'/ o,o,o(_.) q_5
5,(_ o,o14 o,_lOo) 0,.I _'l Olll_'-t , q fl _-X,,
3,G, O,o-I_- o,o_ oC_.) qltq
_.G O, oq._- O,o __t..,) q/'9..O-I ; q I ZO-_ _ln.,I-I, ql2.1-;L
_._ o,os') o,Q_o(,9 =I,2¢
SOLAR 
A O;¥os_efl of !_tlrnltional H|rvlltlT Company
SUBJECT: A[t_5/_ __A_ _,_
BY: D,.SH_-d
ENGINEERINGREPORT
NO. M-/?q#-
DATE (_"--/_6Y
PAGE J__/OF_PAGES
JOB NO,
SOLAR '
A Oivilien of Intereitlonll Hlrvelter Compley
SUBJECT. /VA_A &ezl__ws._uI_M
BY: D' _i,/_
ENGINEERINGREPORT
NO. /4--179_"
PAGE _ OF_ PAGES
JOB NO,
0
T_T
//
TyP, ca L /..oAO-Pe'Icl._'7..T'/o,vgUR 6."
<
¢n
Ii
.=
!
SOLAR 
A DlVlaion O| international Hiirvelller Company
SUBJECT:A/AS/_ I_ELLDvJS_u/,C,vl
ENGI NEERING REPORT
.o.
DATE _ "1 _" _-_
PAGE .L_ OF__ PAGES
,JOBNO,
Jd20/_M PB_SU£E TE'3T
T'NE _EZL-O_I3 _ ,_e6-_SL/_/Z6-D 8T-,4 KI_FPR4UL/C puMP
THE P£u_URL=- rdl_ cdag-/'leoZz_"D/AI&dc.l-/,_Iway THAT "pie PATE
oF i_e-.__ _/S6- i,Jm,_N£AZc)F c_D/sST_v'T. A _C/GHT
P_.9_ D£OP Pc_/_J6_ ThE _/5_ Pe'_/oD USUALLY I_AS /V_I
IND_O_7_OA/ OF I_V_T/IB/LJTF. THIS Pe6-s.sMP__ED_OP CpuL_O E_//_y
Be No-re-D o_ THe _T_/Pe_EC_P_-_.. (_Ee P. _7 I =_- A
TYP/_L _T
DuE To A M cSuND_-72-<T/VffD/SC_ , THe T_T B_z_o_
_vL_2_/_m_U_l_CT_;l__-D_U_T-HLo_- u_J._UPPO_T_"De_vD_. T_¢-/_
£_-3uLT_ IA/ Two BE_3 BEmlC-- TESTED _ITdOOG 08T,,I/U/_J_--
THE 7BUE ,5_Ol8M ,51N_E 7klE UL_,.TuPPO/_Te-T)CT'L/<JD_c,#L EMO_
oF T/4E BEI-/.OUV._ 8VL_ED Z_e/I_7-/C-YlZ-L'f'.LIGHT 5HE_'T
METAL 8AAIC_ _I_.: 7_J OSe-D To _T_FE_J THE EPvD._ . A_-'Te_
D&-_li_ _qA-/" 7"/-/_ _GI-/'/'EN?,JCT DE'VICE OF: THE /-/GHT _HE'_
H_Z'AI_ I_AND I,vA_5 Sl/tlPLY" NOT ADEd_u'ATE / Bu/..6/_G OF/'-7-/6"
67vO,5 _TlcZ- _OFI3T5 7-doUgH AfUC(I Z Z=33 5e-v'_7_E. AI,_W/ME'LD
BAND..5 WEBE THE'N / MADE AtHD US¢q-D OIJ THE I_E_" OF 7"/'/E
/3,_,_oco_v_/57-e'TDOF Two SF_T I_/_J6rS _H/cht VJE_E BoLTc-_
AT _I cyz_/_J_,_O_L E_VD _e-_T/o_v oF TW_ L_EZLO_G5. TU_
_e-_uLT_ OF T_/E TWo BeU.ow_ TzSTSD _/T-_ NO _,VD5 ,4-ND 7/JE
SOLAR '
A OiviliO4q Of Internatlonli Hirveeter Complny
SUBJECT: N_ ,._/_ _'_.,OW,,_' -._fJltAe M
BNG I NEER ING REPORT
NO. H/-t'7 _/
PAGE __ OF__ PAGES
BY: D, Ede"M JOBNO,
_1
5_E p_Ft1_'1"b
]
SOLAR 
A Division of International Harvester Company
SUBJECT:
BY:
/VA_A t3EL¢o_S 5aU/P..M
p_R._Ni
D . ._+te'xl
ENGINEERING REPORT
No. M--f 7_"
JOB NO,
EE QLT - 5P_/AIG _T_6
/,_ ,<(_u/_.M/_su/_ _.Q_TP_m,) DUe- 77.)D4_Y-E_77o_J
hAJu_ug_77oAJ AEE C_YPdT_--D ,ST _c'A_ p__ 2_4,
7-H/5 p,_M /_ _eD oaf 7"_ A_TCLE 'A/VALy_,s OF
['IE_l=, E} (2A/L_ OTHe_W/S_ A/d-TED/ pW=-/A/PUT
THE _P_/_6 _,T_ OF-,4 ____/_ /.s _7-E_M/_JL--D
F_ -T_ l.z_D- D_F/._T/_AE __ OF THE PP.eT/_F__
8EU-o_s. -THE 3LoP_ _7" T_IE _TV_ Po/_7" OF EAC-_
LOAD BEFi_L_r_oAi Cd_v_ 15 c_i_A/ To _ THe- _P_/_T
P-,CT_OF T_+A-/8_u.DW_, A_ 5/.towed oAZ PA_,_ 12...
CoMPQTe-D A_vO MEASu,_-D _P_/A}_ P-_TE ¢oMP_j_o_J _ AEe-
TABU_TED 5E'PA_A7"_ T FOR. A/S  32# 8_ /P_JD INCDAL=Z_
F-P___A_THe- _ _EsUc_,/,J G_E_L.) TH_ 5p_-
I_AT_ Te'HD3 To BeEaM_ /_vETe./_jTH6 :rEED_JD£RPJ_J_-P--_7_-
T_-sT. /TARO _HO_I_ THA T /_J_)N_'L 7/E} IZe_JLO_,Og
SOLAR 
A Divil_on of internstionll Hlrvelter Company
SUBJECT; NASA 8EZm_.1 ,S_U_.C,M
p_:_,e-..._f
BY: D, ._He#
ENGINEERING REPORT
No. M-l'_qf- /
PAGE /6 OF_ PAGES
JOB NO,,
//v OB.I:_-I_ 70 CoMP.u,7"_ _ THEo/eE-T/CAL ,:_tOI,eM
P&_Ule6, T#6 7-_Al6a"cr[ /L,IODU¢.Z),5 E_- MOaT _: tOvoW_J.
c_m_'-FRucTED f_.o_ /-H__Tgx=_-STB_/,4 cu_V63 oF THF
7_T coUpo_/_ .
_wce 77-/_ 7Ts_7- ¢.ooPoto5 H,4-D c3e'_ cOT AT
RA-_Oo_ F_o_4 7-H_5#eZ=TS, /TwAs __7c_-r_ T_ 7" c_uE
IN T-tfE -_TBE-_-sTe.,_/d cu_Ve-_ l=o_ T_E TWO Re/_c/p/_z._
I_v6oNF_. 71_, THe C..U,_VE3 AY_e- _E_E-_ATE15 ),q7"o
g_o c_eouP3 _y v/eTu_ oF TH_ ..SLopE OF" TtIE _u'_"T
_oouLo5 C_.utve-. "7--#e'YA-_e /De-_F/e-D ,4-_<_Z-oC._ 4-
A-_D 8 A_ S/._d,,d o_ P_ C-4. T-tIE A/_I 32I
P/z/_a-_/z.,f Olq 7"/-/e 7-c_3Tcoupo, v' 7--_/oov'e_s. 77-IE"
THe 7_l_//ve-le_ __ae-d/Mev_[ A T TffE S4-MF _7"_,',d _-Z_
/_-I-Z.D_,S 5c_u/_l-'/ PP--E3.S(./_b-- ,BASED oN ME'A_uee-D
P/Med_zo,v5 /S "7-/_uL47"eO //O eo_._AZ/so/_ -/-70_ o4)
[_A&c"-5 2_I .I,uD 23 FOle /_:o_le'7- 71<5 A_D Afsf..q.£1
KgSPECTI _'6Ly .
PP._o£ TO TI_ Pev_opMe_7" 7"_7, 6_U/_ pRE_SuP.E'_
>SOLAR 
A Oivhlion of |nternlt_enli HIrvemter Compllny
SUBJECT:
p _ o_n_A_4
ENGINEERING REPORT
NO. /'4-I?nP
DATE _ "I _" _I'{
PAGE _ OF_ PAGES
JOB NO,
(._E ,e_. 6 J THc=TA-,VG_--Tc'/-MoouUJ_ curves
F-_£ /NCo_JEL 718 _0 _-/3/ 3_/ (JjE'C) /_J Fh'/,% c45(_- /gz_'-
ACTUAL PUBU.SH_-Z:)C_7-A 4_ /_,'P/CA-/'c'-Do J pA_ C-I .
TH_'z_ Pze'p/cTe_ _ ut_ _ _ze-_'_ m_ ALso 7-A_u__Fe_
_JtTH THe ACTU,_L.. T_T _.L-._UL'T'5 OH PAG, c--"$ 2,,I _' 25 .
DII, A_51oN5 OF /_C_/_. 718 I_&'7..L.o_V3 AI._._L. P,JITH/,_J
7_IE _AWV_ OF 0.$94. _/P /"_ 7"/M& ''5 TNE'ACTC)AL
7-_ST VAL_J_. TH-O _,'II_IIMOM C.PPlPUTB'b .T_ch_M P_'_su_.r-
//d /_'/o_T cl_e-s /_P._ LaWnT<. o,_ ,_ou'7 6-_U/_(-Fa FHE- Tc'-ZT"_
v_d.u_. [ _c_F OAx_ OUToF ToTaL _/x7_=_ B_-z_z_S, wH_t
7_4_AcTuaL- TEST/ALue ._7
-THE- A Z_; 32,/ 8e'-U.ON3 , Houve_z, /;_ ,,vat _/u_-
A_ P,_ez:>/c7,,_8f..e-/_E3uc7"5 A-_ T+-/e I,qco,q_-L 718 t:JeZI._WS. /N
5/_ out oF _ T_'_rf fze.zo_S -m_e'D, 7_ P_-'_cTe_
•SOt_4e'l_/H4"7" Z.oI,V_ OIC C0_P,41_48/.._" "TO 77-[_ T_T VA_E_,
C_OMPdTc_ VI_LOE_, 7HE/utAXICfU_ _-7N6 "TIv/C(.=- _L_-
TESTED VACUa'. Til_ =_,-_e F-ouR Be-_s AL/O 61rE
H/GRe'£ /.,_,Vl_,,u_CdMPU7"e'_ ,.,_Ul_._p_6"_3u?-_e'SWH_ /
rT_-_f _r,_. , _ _ • - , - -
SOLAR '
A Division of InternlliOnOl Harvester Company
SU.JECT:IV4S_F _e'l.LOw,_ ,._u/_m
.y: D, SHe'AI
E_GINEERING REPORT
.o. _'-1"7'_}_
PAGE f¥ OF_ PAGES
JOB NO,
,,,,}
SOLAR 
A Oivision of Internationll Hlrvelter Company
SU BJECT:
BY:
ENG I NEER I NG REPORT
NO. hi-/7'_
OA_E_'1_-(_
PAGE _ OF__ PAGES
JOB NO,
wITH o_
1,i
:I
'i
1
!:
!
.I
)
!
=
g
!l]
I
t
!
i
i;.!
!.i.
I;
i _,
I i - .
I)
q
.I
A Dleleloe el Iplepeille*ll Hlwgeole) Coal, oaf
subjecT: /UASA , 8_co_:,
Bv: D._x_
ii
.... JOB NO,
I I I I I
' E_IGINEERING REPORT
NO,, M-1"7:_Y-
)
o,oi0)
o,olO)
o,o I(, )
,o,o-_ o,olO)
l,ZC/o,o
i
B,_ED
/
_t
P_ErE.
r
, t'
SOLAR  
A Oivieton of International Hlrveeter Company
SUBJECT: /IVA,-_4 B (#'_-tJ_IA-)s 5(_Q{ _ t_
BY: D, _l_k,J
ENGINEERING REPORT
.o. H"I7#_.
DATE _-- _ "G_"
PAGE _ OF__ PAGES
JOB NO,
/ _+o.... 318 6_J-O_q5
THE /'--ou-owt_ TA6L+ 5/-,'omS -r_
"F_Te-"P .s_ut£m pe_e-_u-¢+$.
couRe£t_J OF C_._ccul_"l'e"o A_o
5GUI_M
011o5-1
C.A/..c.u_7e._ _elu1_4
e_e-_s_z ( e s 0)
I
/+98
@J_,vee-<.Tw._oPA +
]#._.z-/fix.
_(_e -6_P_ +
_OT_T
/.5-00 /42o-/y 2'0 -
¢I'/02- 1 // O0 //_j3 Ill 2,.--/_'05" /012. -/,_/,_._ A,GoU_T_"D
,<ooo /B32.- :_-4.o -
/_6o
1 7oo
2 _/"/ - 2. "14o
i_ -_
cl112-2,, /2.10
?,_¢-1 1_ °
//'17 - /$t_t
IB¢O -25"452.2.oo
_1_2 -/ Ss2,
9/zt-2. (_7
q 113-& 525-
/4o8
/ 2J_ o
S-tG
$,go
_30
1/o 7 - / 7oJ
/ 2 '72.-/G::,,PP
?0E" - t2¢-_
aa_ -Sx7
//86 --/(_l-J
/4.2 7 -l_PO
fgl - i,_._o
46_ - 5-8_
8 G I - Iolo
A_6vu_T:-P
_ /,z,6-/
q/z6-1,
/,_oo
7/7
910 93o -/23 I /o3 (,:,- 14,'o
4 s-_ -(, 2 G
-I5_ P.IG _' C-4 FoR _PL_.H_T_o4.
SOLAR' 
A llleitltl ti IIIIt_alttl*ll NItvtlliw Celtlll I,
SUBJECT: K/ASA B_tJ:>_s
..... P_z,_.._.._ .
., D:_e'_ ..
I I
5<_UIP.__,I
i I
_*, ' '1'
i ENGINEERING REPORT
NO, ,, ,
DATE,_"(I "_"
,,aE./._o,..__ I,A.Es
JOB NI'%, .,,., , ,
I I I I I II
$Pz_e _ SPe,4& R*Te ,
/ I.O,- , ,....
'__o1-_ _ 0:o-_o_"_,o_,_t:p.._o,7 <,70.0 _'_-'0
flto_ _ o,.o_,Go.o!o,-o,;3,¢_._ _,,ooo,o z_o.o
ii. i9.111-1 o,o(07 o,otlC,) I,o_-._. . qlo'O ,_G.o
¢_1 Il-,_ l 0 _.0 (.o%"E' _,o!! C, _) I ' O3 -l" _)_'1"0 1,05"0.0
i i i , i i i , i
_ll3-4 _ o,o._ o,oo_¢,; 4W7 53s".o.. 3,7.o
_-_., _ o,o_,)<0._o_o)4_4..7 5-00.0. _4.o
I _"
i i
e_,<} _ o,o_. o:O,,cn_7t'@ ,-, _,_.o
91o.X)-l. _ o,o6"_s" o,o_I',.!_ -_91,I Z,G$,0 Zq4.o
_l_To-z __ .o.o_,_. o,o,_c,_ #4-_.7 . _.7_.o ;_-_,o
i i i i
_11%4 _ o,o_,q o,o_1_) 74_,:_ 4q9,o 2(00.0
i i
•
_1 _.%--I o,o6_f 0,o(1(,) 5_E,2. - 2.o_,0
i ii i ii i i i i i i i
_%%"-,_ o,ok o,o,_(;) 335" " 3_5,o _./o,o
i i i I i
' : _ " "_ " _'d_ '_
' "_ _ , l
i " " ' ;' ' _' ' I _ " _ ' '
• *: _!: ..............: . ,,
. °
Q
z
a
!
r.,
!
SOLAR 
A OivtsiOn of |nternst_on&l Harvester Company
SUBJECT: /_.- _,_ _ t_._ &,_._
BY: D._/'_"_
&@ut_M
ENG I NEER ING REPORT
,o, M-t'_
PAGE _'_'_ OF_ PAGES
JOB NO,
,_1S_ 3zl FS_Rx.m_
"!'+1_ .F-oLC_M_,_@ -/'A Cy_e _/V¢_ 5. T_ ¢aM PA _ _ae,_ oF C_U-cuZ,CT"e-r_
Y'FE_,A
qlol "L
fflo3
_Ioq
q tlt-z
qII_-I
qtI'S
_t/&-I
q l_-I
q_ow
_-_
q IzZ-z.
_--_
•.W:i Z._ .,_',._L/'-,"F_'_
C._cu t_,T¢'Oseu_.M
_e.._SuP.e"5CP_ ,)
C.ALcuLA,Te-D ..i_,g.,_
3_q
'="_"z. I, 14-5
-/30 i, o_Z..,
_2.,ro
_;,¢ _TS"o
Z_-4, ZOo
_¢ qbo
I'7_ Zoo
4.4-0
IUo
2/0o
Z_
zzl- P.¢,¢.
_S_-I"?o
t4OT_
4_ -¢_,& -
G7 %-q rz..
46Z-4%,
2S'I -2.s_
!_ -_._
w
_._e_u,'re'c
A-,,_T_
l'__Te 3
!
w
SOLAR 
A Divieion o| IflternltiOr_ll HlrVeeter Company
SUBJECT: . N/_A t_Eu__oWs.._ of _M
ENG INEER ING REPORT
No M-l_
°ATE _"-f_..r,,_
PAGE _._ OF_ PAGES
BY: ;];_" _3 I'L_ JOB NO,
OP t,J_,_6-_ 7($ I .t,'_ 3Zl
/s _cr'l" /,J ELoZED.
I"[E_
:;1io I-2. qlol-& "
c..A-LCu L_'Te--"I)S_.)ti_
i_se'D O_l ,P_u_,Dry. INc"lt_AI _1 "57..I
SOLARV
A Oivieien of International Harvelter Compmn v
.¢_P.._
ENGINEERING REPORT
No. ,_-¢7e_"
.ATE #"ra/-¢,,:_
PAGE _,_" OF__ PAGES
JOB NO,
_uPDa_lso,,i of: c_u_,a'/'e_ _D TesTe-o 3_utP-,_
IV, No, oF Co_svoLuT"/a_v.T - I0
qlaT-_. CO o 4.%0
q/aY-I
--.0
"_0
_0
=0
-O,_r
-I0._
-0,_
1"0, _
/_.w.,_ OF /,VCON(.=/- 7i_ , /Jg..L.OT"Re"_3 _r,o/_""" 32.1 .
SO'AR 
A Oivioioo o# International Harvoeter Company
SUBJECT: NA,_A _--_ JO ut @.mt
ENGINEERING REPORT
NO. #'_"( 7 O;('/g"
DATE 6--('_"('
PAGE _ OF__ PAGES
JOB NO.
.'1
-I
ITEm
?/o8 -I
q/ o_-z
q/t3-/
q tt_-.)
9/t_-I
q/t6-2,
q/23-/
,qm$:_
712_''1
+p_O_.Te9sovt£a
psi
765
i
44o
T_Teo .._utcu
p,t
270
380
48o
7as-
i i
2oo
0
2" 1_ "
._.8v7"
P,-ZS"
l.qol"
2. Z8"
3.35 _"
0
_l
Q
w,
!
i,
SOLAR '
A Division of Internltionll Hirvelter ComlDlny
SUBJECT:
BY: D- _+/e,,,/
ENGINEERING REPORT
NO. H-/I@F-
°ATE r--f_'4_/
PAGE _._ OF_ PAGES
JOB NO,
DIsCUSS oAf - 5P_,V6- _,_T6
/_OAD
A -lFm(_. L_/_D-DeR._T/oAI
Loop /_ /LL_.s-I-_Te-p AT _/_,/-tT.
OF T_T _(.Ess. T_ ._ou_
7-N-e _,_m_-£A-7"e 7ES_ vu_//..e-T_,q=-
Po77"e_ Line C.#MPL,7"_ 7-N_
UIVFA_MILIAFE I+AI-F d/= THE 5P_J,_ Co_4P_E_S/od
#_T_ Te3T Loop. Ho_vEve-rc,_c-
Ge"_e'_c. LOAD- __oU _,zv_
C_vocO'_-D B_U_oud,_ ccAss ) MA, y
NOT P_I..D Tr_u_ I_ T_E -T_T _u(_J_=
IS @_._'6t_e_ . 3o_- OF THE -/Es 7- oSSeT_VAT/Om.S
Y
//
////
/
/
_J
P
e _o*
Z.oAo-p_:_z_zT2o_vLoop OF A
_p_/_J_, e_7_ ?E T oF 8EE.o_3
OF l TH _
THE ,4,_1_1... 3"P£I_(7_A.7_ 6PA BEP_L_ AT ,_ GlVe_l Z2:_40 o,_
1
>,,{
I
SOLAR' 
A Oivilion of international Harvester Company
SUBJECT:
BY:
_/AK4 _rJ_
ENGI NEER ING REPORT
DATE _C ,,._'q,.._ _
PAGE _ OF_ PAGES
JOB NO,
SOLAR 
A Oivioion of Internalionll Hlrvoolor Company
SUBJECT: HA..,_ 8_..0/4J-_
peo_
BY:
ENG I NEER I NG RETORT
NO. M"lTq_"
°ATE,_--tq-(,_"
PAGE _ OF_ PAGES
JOB NO,
SOLAR 
A Oivision of #nternltionll f'larvelter Complny
SUBJECT: _IA 5 #_ _ rZZo &4.),,._, ._'(_j.)/_.Aj#
BY: P,,_#e_
ENG I NEER I NG REPORT
NO. _-(77 _- .
PAGE _ OF__ PAGES
JOB NO,
o
i
tll
i
.L
,^
6
z
a
lira
=:
,.-,-
SOLAR '
A Divieion o| Internat_onil Harveeter Company
SUBJECT:
ENG I NEER ING REPORT
.o. ,_-/7_
DATE ,£-/_'-(,',"
PAGE "_ OF_ PAGES
BY: _)" _'{'tt("_ JOB NO,
D_3c.u.sS,,o,q- TA__ _oouL_._ Ex: (co,CT'O)
THe _e_l_L _/MY/_A_f7_ ¢F 5OlW¢ /,4co, rE?_ 7/(5 cuFtu_-
_;/4A-P5"_ M4y ,v¢7' /_P_T _T 7"H_ C_Po_JZ)y_dr F_ST
pA_,L-_ 01£ c-5 (I-"t_,f._ 7"_T. oF COuPo,_IS CUT" 4T 9o
_c-l_ASTtC. P_o_7_T/_'-s FO,e AI_/ 32,t 1.5 I,VOtCAT"_ B'-/ 77.Ye"
TH.4T ,4-Z_OST ALL. 7746 Te_T P-6"_ULT"J OF/.4Yeo_Ie"L 7/8 Be-ZzDMs
A_-AA 70 B_ V'tSt_y CZ.O_ T(_ L:-17z4e"ie _><Tr_m.fe'-5 oF
T,',_ c_puT"_--D G_oc,,p...s A4 5f_o_/V o/v IPA_ 2,I .
(/=oR E_PL4_AT_oM OF G_ouPs, $e-_- p,+_-_ /4 / C-4 )
THIS, OF Cou.4_'e, /5 ,'v#')" TRue /d 7746 C.A-E_ oF ,4151 3z,t
gu}
SOLAR 
A Oiv_elon of International Harvooter Company
SUBJECT: NASA fSe-LLOuJ_
Pe.aq£_
BY: 2), ,_ge_/
I NEERI NG REPORT
NO, P/-I7__"
DATE _ --_ _# "_ <
PAGE _ OF_ PAGES
JOB NO,,
SOLAR 
A D_vieion of Internltional Hsrveeter Company
SUBJECT: //_/A_) _)_ _A.)S
ENGI NEER I NG REPORT
No. M-I7q 
./
PAGE _ OF__ PAGES
JOB NO,
z
a
=_
I
.I
=_I
D
A6 /x/D/dAT_"D IN TeE 0_u/£_.4 E-_uAT/o_/, 7"H_c_/7_c4L
p_E_5_£e /,_ DJ_"7"L¥ P,eOpo_2"I'/_IAL 7"0 7"HE,_X/At_ .TP/c./_J6-
,£4T'_'- _ We'Ll- .4.5 "rN_ T,_-Jv'_C'_"7" /,.tODULU,S. A_J_ :_
LowGle. TH,_N TH_ c_Pcrl'_"D SPm_;(:_ _,47_" _H/Ct# IS 05_-D
I_1 P£E'D/c"/9_C--. 7-/-/_ ..._ooP_w F£e3suf_@" oF ,4- B_.(._o_tl.5 , /7-
/_ Ne-r._-_s_,P_Y7"o l,JVc_TJ@_-l_"77_E c_FF_C..T OF _P_J6T rJ_T_
E_At,4PLE.5 Of = .S6_u1_.4 ,o_E_.su_ CACC..UL,_-/'/o_I /,'V APPEA/D/X A
THP_.6"6 C='_PL.6-'_ ,_.E P..E'_O_ WITH Ic.fE//Sc)P._"lD EPP-/,d6T-
TH-aT TI_ C--H,_G oF axML_ 8[_e_l,_, P_T_ c_._,_=.-'3 THe
THP_.6_ EXA-_PLe'S I/vD/c_TE-"7"h_A7 A 14AX/,wU/W C,,_J&e--oF
c.A_J@e- or /o.78 _ /_ TH_ c,4ccuO_.D 5_u/_8_4 pP.e_ue6,
SOLAR '
A Oivisien of International Harveeter Complny
SUBJECT:
BY:
P_e'_4-H
ENGINEERING REPORT
NO, M-17_F"
DATE _" "_ (7 " _f
PAGE 3"_' OF_ PAGES
JOB NO,
m
//,/_,_7"/ ( _'TT/O_J. _we've_, r'r 3+muu.3 _ ML_JT"/OX_"_
TH'_T T_e- ABOV_ .3"T__ 18 6ASe"/D o,,J 7T-J_-P,e-_reg.JT
_OI_G_,,P P_G-_v_- t-(_MUG_'-./_JD THe" T_ _='_._,-mP(.e'3
CYTeZ) I,,_ITI-I/_ 77_- .._'- OF 7-H/s De_).A_"MT P,e_A_.
_ c_J.s_De"_-'c_ _.u/T_ Sx_T/sF-_To_ZT. T_eFP-.E/WE"
Ar F_'_/ AF_.A_o_J,sTHAT M*T _=3rpc_,l 7_e- c_PR_=-D,CT_/UT_"
OF T#e /_(_c-_ 7/8 _D ,_/5/ _2/ 8_z._s OT_"/e /"_/
SoMe _'_F/_e'D (-_N._De_T/_JsoF- The-P_e_c_7",_o_F_
..&_ul/_M P,eeS_u,e.e _V/.._. -/7te- P_'AScWS APe'- AS _.
co.) T_ S_ess- ._TE,_#J c.u_,c-_ _/=Tin5 coupon,s
M(_DuUJ& OF _'_,S'/'fCIT" _ _JHE/e_-'7-}3 /q/3I 32./ _'-YHI /"JIT.3
,_ /_/Aje'_f__ pP_oP_'/2T_" ove"/e. ONL>F A VE'7_T _A.4ALL PJn_G¢'-.
Co> IT /$ D/Ff/c_PCT To D8TA-/&I Acc.u£_TE MODULU_
DATA-F_oM THE /-OA-D- ;_F--_T/vE CUBVC'_ D//Ze'ETL_" P,eoDu(.E7"j
/_YT_ pLOT'I_R (.mv_e'ST'e'D_rTH T/+e TeTqs/Le-M,_c_,_)e-,
Cd) IL,//_O_ _S ,_.e BouND 7"0 &")r_T /_/ MA/_u,_L.
SO'AR 
A Oivilion of Internalional NIrve|ter Company
SUBJECT: /V_._ _lkJ.._ -_/__ f
ENGINEERING REPORT
No. _-I 7@Y
PAGE.__ OF_ PAGES
JOB NO,
=1
/,t'_p ,,_'s/
SOLAR_'
A Oivilien el Inlefnll+ellll Nleveller Comolmlr
SU.JECT:, 5 S
ENGINEERING REPORT
NO. H-/'77 ¢
PAGE37 O_, PAGES
JOB NO,
!
q
g
THe I=OLLo_J/,_" P/c7"o_e /5 7-AKe"_
"T'_:_'7" 5p_ / x,f _J.
7wE" ,_o,'R,v/ / ,vo/CA7>o,J ot=
,_T ],]e.+ /o_, .
77-/6" _'73e_'P
I)
i
i
i
|
!
)o
32.5
1,,_" 1.s
COM_UT_D
3 4 8 9
SPP.,Ikl6-_TE L_ImKH
COl_! PtJ'I'ED < lui£M  f Su G:"
p_++ 40
.._l_leM
IPlP.E_UP.e FCR. INr.aI,J_ "11_ 8EL.LDI,_
2 2.5 3 4 5 6 7 8 9 10_ 1.5 2
hi
r!
p_
_ t
, !
=F
L
:T
._t_
+Z,_-]
:_
:LI
+ i
,._2"1_
---4
, i
, t
TE_TED 5QUI,_M _RE<J%U£E I_1
l=,_e. 4.1
_ A t5/ 321 Beu__,c
....... :_T! :7" i-!
T_! !i!',',i;!_i
_-+T+ tT¢! " iiill:'i
:7
_71 rT:: _;'_$:i;__4,:
'_it ?!!;!fii!F:;!',tt t;:t
.......--'_+ .+_.] 77,7 71 L.- ,._
-,-::.;7::71,.:-i -.l_-11+ +++..... _-+_+-;1 ""t
': ...._;TTtT'71.... :!_
:,.;- _.+ kT+lllii!_rll".-;l.l_i_r_4 A
<i ,
_:_., .i.,._ _ ; . Li.._ .... _..
--:.... ,-+--_,--!........:..._.....
__i__ :7f
4 5 6 7 8 9 10÷
NS
_E_TED _Ol_M Pe_L:S_uP._ ps_
SU.JECT:. N'4._ Be'Z.CO4,S ,._UtS,_/
Pr_,06--_
BY: D,._'_ JOeNO.
SOLARV
A _iviqlioM o! IIIIqlralliollll Nlrvollog' Company
SUBJECT:
BY: D, ..St,_
ENG I NEER ING REPORT
,o. M'_
O,T_ _''/_'_._'
PAGE4-_ OF.____PAGES
JOB NO,
Co_uwoJd5
l_m._c Be/h_v/o_...OF: I/vCo_ez."7/8_D ,_/gl_zJ. /_
G_cuc_7"_'-p A_JO
/_co_e__ 7/8 __
SOLAR ..
A OivlOiOa O! OglllorNalional Nervoelor Compan v
SUBJECT:
BY:
N_s4 _ _u_e._
D, _Hc=d
E]41GINEER ING REPORT
PAGE 4"4 OF...__..._ PAGES
JOB NO,,
R_F_E_Jce_
;l
w
& I
s 6_" H. LInDGe_ ¢ A.M. Cvj_-rKov, c.
1052. ?p /a_-lgG
_. 'AN /_sv_T_cr_Tm,J cw=: TH_ _7" OF I__AL.o_
E:_7"E_2N_I._ pP-635u,E_ 0/4 "7"H_ .BETJDuJ_ _W,#/_._.T_"IEIST"tC. 5 OF A/Q
_TU_To_ 313T_ u_Tuz_/NC_ ,4-_ez._o_s" 6y _ _eTDe-
• PltC.E TL=EbDvoCOey I.A_. P-.e'T_ET NO. EIL4 &-IE DE¢.,3I,lq,..¢_
4 'AvVA-Lys/5 OF ;7"R.e_e-5 /_ 8e_OM_ I' R_T Z b_
w. F. AnvDe'_so,_. P_.EUM_y CoP'f, P_='Pc_-hHA-_-45_9
hTc_a_r,.,s _krT,e-P_T/O_I_L. 4uc-'l', I_e4,
,5. _oLA£ I_ PBoc._£_ No. Zz,_ _3e-D 0,4 'AN_-y3/S
0/= U- 3_/a=-_ e'x_sm,J Jo_l'a' b_ _. LauPA _ _J._, WElL_
6. ' L/G_Q/D HFI_P-ORE-N FLE"_IRLG: J:;_.T'/___. "Te_j,t_votob'[ "
__s_ p_=--/_.e7 5- of= 3"cy.A/Z _P-,7 _ 1473-S _y
H. _ /v//Sc_eL , [ c_ovdz_ p_7e.,oo rJoV. I To Nov. So, tqG4..]
7. ',_ETd_O_ ,4./vhLTal3' 50L'V_ /_T M-I')_O BT
2. '_-ve-z.oP_c_T 7_T P-e-PoeT_ :3" Din. c_o_ocu-/'e'7_
Be'LLa_3 ( _stc ?_ot-,_e:z6)' 5ot__. _T /4-9o bf 5, _..
l_14y, t9G_.
SOLaR 
A OiviOiOOO of latorAIllogla| Mlr_oolor Company
SUBJECT: /V"_"._
P_
.._P(,//P..,cf
ENG INEER I NG REPORT
NO. e_"'_'_l_ '. _e'
PAGE..._.._OF.__.__PAGES
JOB NO,
I
SOLARia'
A OivleiOR at !ntereatlenll! HIIrveeter Company
SUBJECT : _/_A _a.uouJS s_u_
P_
ENGINEERING REPORT
.o, . pt-t_¢
PAGE .__ OF......... PAGES
-["r'PiCAL 5_J1_ P£F_Sc)P..E_/.,477o_J '
q
>
w
¢¢
-I
OF
5="10/_ A5 EX_
F£_u
IV./o
")I=
t=
O.D,=
I.D.=
o,o/05" p_ PLI
g.293" _. o, oaG "
_.q_(_" L= _._ "
/_, _ p,, !
____,_P_,_ _T_= s,4_ _/,_
_L
•_ _u_- 7-0_"i e
O.P. Y"I.D. = i, _(_o8"
4
I I
m 2_× o, o/oS"x_,,'Y6
= /_7o x/o"_ E_ p_
SOLAR .
A Oivltien of Interngltiogtel N&rvoetor Company
SUBJECT: /kJA _A
BY: t_)' _
ENG I NEER I NG RE_ORT
No. XA-/79F
PACE,4 -9.,OF...__ PACES
JOB NO,
>
a
_g_z.o_s 9/o3 (co,_'b)
Et c_/_ /'-o¢_t) 7"08_ _,6_, _/o _
To 2,_3 x/0 6 p_
= 2,'trx 34.23 _, E,_ p=_
"T/./u$ Po, IS Fou#t) To 8e w_T_ 703 ps_ f' 74_ f, st
qD
=:
.=
,t,=
SOLAR 
il OivlOilll el llllOlPllllilllll HI+villi+ COmlIIIIII
SUBJECT:. /V_ _"U.,C_ S ,._ (.]1I_
.v: D. +t'/sN
I
,7TP_,_t_ _cn_
lh'o _, (_,,s,, 3zD
ENGINEERING REPORT
No. ,_" t79_
OATE _-,'q--6_"
PAGE _ OF_....__ PAGES
JOB NO,
I
s, _= 2., p_ o, k_(.,ULA7Joa=G 'i
,6= o,o//5" dee Pc_
i O,D, = 3.2PI" o,. = o,o_5 +I. l_. 2 q4 a" L l_'q_ "
f ,e_o,_ ,e_. 3"
_-L E
o.o.+/.D,: /.c_,'"
4
= /_oooEc
Et Ck_ _e F_v,uo /,_ T_ _*" oF
A,vO _,L_to_ F_
2,oEx_
50 u/_4 pB._su£_-.--.
Z E
SOLARV
k _wilie_ t| I_|trmlmliellll H|rvelttt (:tml)llal
SU,JECT: A/A.tA" de'iz.o_ .f,gu'_ ....
ENGINEERING REPORT
NO. /t'f-f7_t_
=,ATEa""'9-4_"
PA_3__ of__._ _AGES
JOB NO,,
73"P/(.,_.,_u_@.._pr_._.su_c.,e.cUZ_Tlu,J
CO)
i i
IV= /o co_vvo/.E/?o_J_
?1 = _ pLl_
_._ O.oi/"
o.D.= 3,39"
/, P.= R,@;cz"
_, pc=fL_c?_l ,.-_o,o;u%'"
Due 7"0 £ _
_ rJ_
= ___ p_'
A, ;_ _ P.;, fx/O _
7Hu__
-I
SOLAR 
&" OlviliOl el ilttoeltltlenll Nlrvooioe Oompany
SUBJECT:
BY:
/I/,45,4. /_.'Z/,_WS
ENG I NEER ING REPORT
DATE_-t'_---e_"
PAGE___oL.__ PA_ES
JOB NO.,
SOLARV
A Oivieien of Inteenlliemlil Nlrveeter Complnl
SUBJECT: HA'.._,I_ /_ _._
,, P_'_4
BY: D,__
ENGINEERING REPORT
NO, f_--( lq _' ,
OATE ,_-Iq-6_"
PAGE _"l OF,,..._.. PAGES
JOB NO,,
I
S_UUeM P/ee_vP_-
a
=.
(_.)
F-g.oA4 F,_re ,_2 Te_Tc,'p 5P_,,o_.
C._',#PuT"e'o
..<.,_eb.J-_.= 1:_/#6o x
a" s _ = /5//,[Gop s/ _..s_ o_v
._¢Z3 ca/,,_
To s_
3_S
= io, o.8o £',e x/o "z" p.,./
,_¢, xT,:x/0 _
SOLAR 
A" Oivieien o! h0tOrnltiOAa! Hervoller Cempanlr
SUBJECT:NA3A 8_S
II II
._,NECR,NGR..O.T
,o. p.?-I_,
OATCF-/9_ _*'
PAGE .._OF'__.__ PAGES
JOB NO,
oF .__ _,47"_ uPo_/ C_MP_r6-D
i
-6
= Io,3oo Ex; _/o ps,
lie
N
i
<
SOLAR
A'Oivioion of OAloeeoliomll Hglrveetor Comple),
SUBJECT: N_/_ __ _¢./I_._
ENG I NEER I NG REPORT
NO. H-179_
DATE
PAGE _'_ OF_....._ PAGES
= ,42./o E_ X/o "_ _t
A,,z _,- ,Z), s"x/o_
A _wloiom of Im_rmeltema! Napvootop GOmDORf
SU.JECT: /U'_,_ 8ez/,o_ 1.5_J/_t
,,
.q: D,$¢-/¢'_/ ....
ENGI NEERI NG REPORT
,,
JOB NO,
.._ u_ _w P_3s,,em"
n n
8,45e-0 o,,J c-_,_PU7"eO
EXA_Pt_"
¢ _)1 n l '
qlo=j
Cb)
q log
C_')' ' '
i i
l i.,l_i_
4_ u_,,_
n
i
"TL_TeO '
II
(HaN') I
i
nl
P.A-_';R ,_-/
P.A -5_,F._-z
l=.A-C 4F._-3
i
_PL_r
Ca.)
o((o_
(m)
ICe ) '
qt_s"
F_-_ Ce'x_7"AGE C_C_G
couPuT_7_ o,V of= F_l
i
O_
3 q-"_3 ,-.-Z3_o
_'1._"s " ,x_oo" _I.1 _o
I I II
c_Pu'T__-p Fcr_ Ou_ 7-0 C_A_
d,c: SP2z,a_r _TE_ u's_'z)
P. a,,_o,_ s&- _ _-_o4 _;R, Xm_
lS67
 o  L-x,oo-
x,oo"5q,G_o
•_63
i i ,..
.:L_
2
2
u
Z
E
Z
0
,i
=.
!
0
!
I
t'-
m
0
Z
ILl
I 11 i I I t I i I l I[I i i i i'll ....... _-; I t'l t t I I:] ; ; ;-; ; ;; i ; ;] ;3 [ ; I I i I [ i i I I I i I
t 1 ! ] [Illi, lllilllllllll|.[lllllll H I_I_IIIIIlllIIIlIIIIIII_ II1111. II 1]|1
!111 llltlllllllllllllllllllllllllllllllllllllllllll L II1111 I1 , 1111
l I 1 1 I I I I t I I 1 I I I I I I | I I I] I 11 I ] IT.I I 1 I I I 1 I 1 I 1 I I I I I I I I I I 1 1 I I I I I 1 i 1 1 II
llll I1111 ii li I1 !1.11III1 I II1111111111111 !11 I11111 I11 11II
..................1 i .... d .......''" I ............. t _ r' ...... _ I I't ...,, ...... : .... _;..,.. I .... ,.;:' ' '." ':' : • :' ', , ................... _ ".....
'.. .: ................ : ...... :;. ..... : . _ ::': :_.i : v ,_ , .._, ,f,,,,_+_: t., .,1. _,. t .... : It ;-
:!''_ .... , _ j|_''T'i';_ ''; .... : _'_ .... _'" ; * _; ; ...... t •
........_..........._.......: .' '::-_:_ '":..........,........,"* ..*'--.....,;.:_::-i_,,,_.u._h._,-'=---:-.r.'.-
:;i!, ::.:: ::J: .: :d : :_: :. :_:/:_61i ; "':'[:/: "::t :;: :::,:l:::: ::;.J: ;; : :-;|:t: i-;:':,;::::I:' t: :::: : : :::: ::-- :.:::.
...TI ............. . : _ " - _7 ......................... _.LI_.,_,..,_ _.,__ .__._....... I . :T.
•:':::.:.,:::I::__ I- ::l I:-:_:_:' ,_ ::_,::'.t::'r,_'l::.:,:_...:..::f,,,,::::,:::..:,,::,-.:..::_:.:: .-:..:.;.. :..
---_ ..... -,---4 ........ _ ................. t__ .l . t ' . t-. ........ f', ,I! 17., ..... ........., : :i..............i "
t:':',:::I':,,_ .:..... ....... ....,,-: ..;........1......... _ :÷_ .,_:._:.,:.:.-
•'.::_ I_. /:I rli: ..... :::.::)!I::!:": :.':::'I.::.::::, ;:::I:: :.:I:::!I:_':::::" : :
'' ..................:T-'!- - ::-_. ,_ , :-7_ ': ..:t ___-:-':'7:--::::' 1: ....--, i _:..... :t ...... :, ',_,_ ' ' '.... '_ ''_'_ ....... l ':" "'''.. ] _.._, :_ ....
--:-:_¢-::.-:--.'_-:.;.::':::::, " : -- _: '_ .'t ............... ':..:I:: :::::::::::::::::::::::::::::::::::::: :: :: '::_::?: : i: _ -
---i-,-._ ..... ./I --.|-t,-[:-.-._._ _,:.._.,,;_:: : :.:.: ! _: :: ,:. : I : ::: . :i : ,L ; _. ' ," ' , ..... , . ..... _,,,,',,
' ...... _ :_ ....... L ....... _.........._ _I................ _ ......; . : - :'_: :: :'- :7 , :: :'_:I " :':: : :
•_'=-:,, _ '" .... '';: " ' ' _" : ' ' ":-' .... ":::' _ I'_':l _' "! .... J .... | ' "_'_t_r;_f "--t ....
_!,I:.!_!.:,.:._i,!i ;i!!!L:._ii!ii::.li
• : ::i.::::,:: .:i:_::L::::I-::.. ::..: :.::::::::::!:::: ::i::;::::,,::": ::t::::::::::::::::::::::::::i.,ii{i:...:i.::
......... _ .::T. . • " ": ............ " ] ...... ' ...... , .... , ÷, - _.... _ ...... , .....
. : ..... +.'...... ; • - - _ " :: " : '!:..:_: ....::: : .:: :::/,: t :.: ' i: :I : _ : : :
_:--.,, / . !:. :, _..,_.,_._._.._ , _,....,.....,....,........ ,........, _ ....,_. :.
:'" ' .- -_. . ._:I- " - : - ::.. : :- :. , : : - I .... : :, , _ ......... , ...... , :. . ..... ,: ..... _ :.:
:.: ._ ':_.:--::::,::::I::::::.::. - - I: I':_. ::,-.::!:::: --:.,.-_. :::::::::::::::::::::::::::F::
"" "':_ ..... _ ...... : .......... _ ............ '_ ......... : " I ": ;- :-"- I'-:':":-
: ::-/i":l/::' :::I ' : , -i! :]::. _-:' .:-:._: "zT:..-'__'_".--.. .I':._:.; i i.=.::_:: :: :: _:.::' :"if',.--'-.
2.:.-_ LLL_:': .... I:: ..... t" -: '-I ..... i: '. ....... "I:'" _, : ':;: i I" " ]" : - -i::':i ':! :- ':- :! ........ _'_'"--.
:. /-::..............._.... ,....I: [ ..... I':V.- . F2:1:-7._:::'::::" :: ' '.- .....
........ i--' :: :_:.:: ::: • ':,/::::r • . _ ! • , • _ . ,. l . ' .;- ,,: ;.: :::I::..:_'.::':
....-_-_......... _.... _.__.__:_E :_,_..___ ..... :, ._=__
! - _ . • : : :':. :. . : : ::: ...... . .... ' .... "i -_"l' r ..... I- :_; : : ::: :
, • ,........... :i- !:. .,I I .... •..... i....................::_\ I....
--./:: /4.._. ........ . ....... .._ ._ .__-_:__ :, : : :::.: - - -_:_ I :-.,., .,....
_j,.;_./.._ _........... I..- / ' "_:l.].':I ' i ................ ' ...... _ .......
• . __.._=._ .; -' ., ;- ;: _ ....... , .... I- . ........ i ....... -1-1 t:.'-:: ::./ " " :::t:. : .:: t::::!:: :::::]
- '- I ' :' :" ' - . I ........ , _ ..... , ., ..... _..... _ ......... i. :/I •.......: ..-::I ::--I: _::• ::I : , " "I" ,I. , :..................! I .
', ...... T':: .... -:,T,::--:-:I:::': .... :-: ':':" : :-":-" -:t ........................ :-": ...... _: .... :L:_..:_.: "-:":-::"- : :-:---_::::-F--::-:=-..'
::I.:...'._.:: ' ..... i ...... i ....... : - _ ...... ! ..... ; - ':': : .: ,_ :4::: ::,'_ ' | :.:::' : '_ : '_' I '''
• ' ,4,o _- o--_ ...................... i .............' ................ t.... ..............+............... =:_=: '
_i!_,_:.:.._ :_ :::_or:_0 _o _0 ,_ . .:_. :_,0;_r,_...>...._,0....:_:o"-:_,
[.-:-:6:: : L
I. _ I i --i' .i:'I " ! I...I !C_
I ; t: :: . :I t : I : T-. r
i : _ *: 1!. t, i t ,. .....
i
.......................' _ ' _"" _ ..." _ _ ....L_,..__.
,:....I
:....I::":]i::! )
::- ::--'l::i.....
i L:_LL.... :
M-/7q_
I0
i
r ............. o -
............. t .......... Y ......
x .. .................
......... ---r ....
I
I
-4-1
$
r f • f
t/"
t/"
ts"l
/0
F.
.+J
APPENDIX II
SOLAR RESEARCH REPORT RDR 1484B
DEVELOPMENT TEST PROCEDURE FOR DETERMINING
WEAR CHARACTERISTICS OF VARIOUS MATERIALS
AND COATINGS APPLIED TO SIMULATED
BALL JOINT SECTIONS
RESEARCH
REPON !
DEVELOPMENT TEST PROCEDURE
FOR
DETERMINING WEAR C_CTERISTICS
OF VARIOUS MATERIALS AND COATING
APPLIED TO SIMULATED BALL JOINT SECTIONS
(REF: SOLAR DRAWING DSK-9434)
NEPON'T RDR-1484 "B" .-.u=o May 19, 1965
Revised December 7, 1965
SUBMITTED TO
Marshall Space Flight Center
Huntsville, Alabama
CUS'roM,rF, _,r. Contract NAS-8-11303
=OL.A_ mr, Sales Order 6-1612-7
COPY NO.
SOLAR V
A Division of International Harvester Company
RDR-1484 "B"
December 7_ 1865
1.0
2.0
3.0
4.0
5.0
TABLE OF CONTENTS
Page
REVISION PAGE ii
SCOPE 1
APPLICABLE DOCEMENTS 2
TEST EQUIPMENT AND STANDARD TEST CONDITIONS 3
3.1 Test Equipment
3.2 Standard Test Conditions
3.3 Test Reports 4
TEST HARDWARE DESCRIPTION 5, 6, 7
TEST REQUIREMENT AND PROCEDURE 8
5.1 General Test Program
5.2 Wear Te st 9
TABLE I
Figure 1
Wear Test Procedure
Wear Test Schematic
10
11
i
PAG •
_'PORT RDR-1484 'rS-
,uu,o December 7, 1965 V
REVISION PAGE
®
®
Date Signature
6-30-65
12-7 -65
By: R. L. Neher _/_
App. J.E. Benawa
By:
App:
By:
App.
By."
App:
R. L. Neher _r
J. E. Benawa
Purpose
Update and incorporate
specimen ch--_
Update _ ca-nEe
s_atio load req, i,,emAnt
Page and/or
Ft_ures Chgnged
(A) as noted
as noted
Paragraphs identified in the left margin with a circled letter have been revised
or added. The letter used indicates the revision letter and date as given in the
above box.
ii
PAQ •
I i iii |
RDR-1484 "B"
December T, 1965
I.0 SCOPE
This report is written to establish a test procedure necessary to
obtain basic design data and to determine optimum bearing materials
and coating for special ball Joint assemblies.
1
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2.0 APPLICABLE DOCUMENTS
The following specificationsand drawings form a part of thls
development test procedure.
a. 44400 - Engineering Drawing - Wear Test Fixture.
b. DSK-9434 - Test Hardware Description and Surface Finish
Requirements
2
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3.0 TEST
3.1
EQUIPMENT AND STANDARD TEST CONDITIONS
Test Equipment
All instraments utilized for testing are calibrated at scheduled
intervals. The equipment and instmunentation used in conducting
the test program are as follows:
3. i. 1 Vacuum
a. Welch 5 CFM Vacuum Pump and associated
equipment.
b. Veeco Thermocouple Gauge, Model GV-31
(DV-1M gauge) - Pmnge 0-1000 microns.
3.1.9 Deflection and Measurement
a. SR4 load cells - Baldwin-Lima-Hamilton, Range
0-500 pounds and 0-1000 pounds.
b. Varian GIlA Strip Chart Recorders.
c. Sanborn Oscillograph, Model 150 series.
d. SR-4 Strain Indicator - Baldwin-Lima-Hamilton,
Type N.
3.1.3 Miscellaneous Equipment
a. Actuatfng Test Fixture - Solar Drawing 44400.
b. Pressure Test Gauge - Range 0-10,000 psi.
3.2 Standard Test Conditions
Unless otherwise specified, maximum allowable tolerance on
test conditions shall be as follows:
a. Ambient Conditions
1. Temperature 80 + 20 F
2. Pressure Local atmospheric
conditions
29 to 32 in/Hg.
3. Relative humidity 20 to 95%
_---_,____ 3
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b. Vacuum
c. Pressure _+ 1.5%
i0-I to 10-2 Torr range
3. 3 Test Reports
Solar Research Laboratories shall be responsible for the prepara-
tion of the final report. The report shall be a complete and concise
record of all phases of testing with applicable data obtained from
the test results. Original test data shall be retained at Solar
Research Laboratories and available to Marshall Flight Space
Center upon request.
4
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® 4.0 TEST HARDWARE DESCRIPTION
The following test articles shall be subjected to the development test
described herein. Each test article shall be identified as shown in
the following table.
Typical test specimen consistS of a contained block and shoe assembly
as shown in Figure 1.
TEST
ITEM
-2
-1
-3
-4
-5
-6
-7
SOLAR
IDENTIFICATION
(P/_ 44400)
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-'/Mock
-26 shoe
TEST HARDWARE DESCRIPTION
Passivate/lVIIL-S-5002 and dip in Molydisulflde
Solution -Electro-film # 1005 (cure cycle per
DSI_-9434 ). Mat'h Inconel 718.
surface finish - Mat*h Inconel 718.
Passivate/MIL-S-5002 and dip in Molydisulflde
solution - Electro-film # 1005 (cure cycle per
DSK-9434). Mat'l: Stainless Type 321.
t_ surface finish - Mat'h Stainless Type 321.
IjW surface finish - Mat'h Inconel 718.
surface finish Mat'h Inconel 718.
Bond Turcite Type A insert (width 0.99-1.00' 9 to
-7 block (bonding procedure per DSK-9434).
Mat'h Stainless Type 321.
surface finish - Mat'h Stainless Type 321.
Bond Turcite Type A insert (width 0. 99-1. 00'_ to
-7 block (bonding procedure per DSK-9434).
Mat'h Stainless Type 321.
I_/surface finish - Mat'h Inconel 718.
surface finish - Mat'h Stainless Type 321.
_,_ surface finish - Mat'h Stainless Type 321.
Passivate/lVHL-S-5002 and dip in Molydisulfide
solution - Electro-film 77S (1_hour cure at 375 F).
Mat'h Stainless Type 321.
t_, surface finish - Mat'h Stainless Type 321.
.... !
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TEST
ITEM
-8
-9
-10
-11
-12
-13
-14
-15
SOLAR
IDENTIFICATI ON
(P/N _400},,
-7 block
-26 shoe
-7 Mock
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
•-7 block
-26 shoe
TEST HARDWARE DESCRIPTION
i
Pastivate/MIL-S-5002 and dip in Molydisulfide
solution - Electro-film 77S (1 hour cure at 375 F),
l_l_ Stainless Type 321.surface finish - Mat'h Inconel 718.
surface finish - Mat'h Inconel 718. ,
Hs_ chrome plate/AMS-2406C and grind L_'sur -
face finish (. 015 plating after machine grind)
- Mat'h Stainless Type 321.
surface finish - Mat'h Stainless Type 321,
Hard chrome plate/AMS-2406C and grind _ sur-
face finish (, 015 plating thick after grind) -
Mat'l: Stainless Type 321.
Coat with Haynes Stellite Alloy # 12 - _ sur-
face finish - Mat'h Stainless Type 347.
'_ surface finish - Mat'l: Stainless Type 321.
Coat with Haynes Stellite Alloy # 12 - _sur-
face finish - Matq: Stainless Type 347.
surface finish - Mat'h Inconel 718.
Torch braze Asarcon 773 insert (width 0.99-1, 00")
to -7 block. Dip in Molydisulflde solution -
Electro-film 778 and cure 1 hour at 375 F -
Mat'h Stainless Type 321.
surface finish - Mat'h Stainless Type 321.
Torch braze Asarcon 773 insert (width 0. 99-1. 00'_
to -7 block. Dip in Molydisulflde solution -
Electro-film 77S and cure 1 hour at 375 F -
MatCh Stainless Type 321,
JP_" surface finish - Mat'h Inconel 718.
Torch braze Super Oilite # 16 insert (width 0.99-
1, 00'5 to -7 block. Dip in Molydisulfide solution
- Electro-film 778 and cure 1 hour at 375 F -
Matq: Stainless Type 321.
surface finish - Mat'l: Stainless Type 321.
RDR-1484 'rB"
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TEST
ITEM
-16
-17
-18
-19
-2O
-21
-22
SOLAR
IDENTIFICATION
(PIN 44400)
-7 block
-26 shoe
-7 block
-26 shoe
-7 Mock
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
-7 block
-26 shoe
TEST HARDWARE DESCRIPTION
Torah braze Super Ofllte#16 insert (width 0•99-
I.00t9 to -6 block. Dip in Molydisulflde solution
- Electro-film 77S and cure 1 hour at 375 F -
Mat'l: Stainless Type 321•
_ surface finish - Mat'l: Inconel 718
Bond Teflon coated glass cloth (. 014" thick) to
-7 block (bonding procedure per DSK-9434).
Mattl: Stainless Type 321.
surface finish - Mat'h Stainless Type 321.
Bond Teflon coated glass cloth (. 01_t" thick) to
-7 block (bonding procedure per DSK-9434).
Mat'h Stainless Type 321,
surface finish - Mat'h Inconel 718.
Passivate/MIL-S-5002 and dip in Tungsten
Disulfide solution - Electro-film # 2606 (Cure
2 hours at 180 F and 2 hours at 400 F).
Mat'h Stainless Type 321.
_ surface finish - Mat'h Stainless Type 321.
Passivate/MIL-S-5002 and dip in Tungsten
Disulfide solution - Electro-film # 2606 (Cure
4 hours - 2 hours at 180 F and 400 F).
Mat'h Stainless Type 321.
I_W surface finish - Mat'h Inconel 718.
Bond Turcite Type B insert (width 0. 99-1. 00")
to -7 block (bonding procedure per DSK-9434).
Mat'h Stainless Type 321.
/_/surface finish - Mat'h Stainless Type 321.
Bond Turcite Type B insert (width 0, 99-1.00")
to -7 block (bonding procedure per DSK-9434),
Matrl: Stainless Type 321.
/L_ surface finish - Mat'l: Inconel 718•
7
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TEST REQUIREMENT AND PROCEDURE
5.i General Test Program
The inherent nature of development testingdoes not allow a
precise procedure to be defined and established for the com-
plete test. The objective of the test and the general testing
method and conditions are defined as necessary to generate
de sign data.
The exact procedures are then modified to meet the objective
as data is generated.
Test items and Solar identification are shown in paragraph
4.0.
The test program shall be conducted in the manner and order
outlined below.
5.2 Wear Test
Each specimen shall be installed in the wear test fixture and
connected to the vacuum and actuating source as shown in
Figure 1.
5.2.1 Test Media
a. Vacuum - 10 -1 to 10 -2 Torr range.
b. Ambient conditions.
5.2.2 Test SequeD_e
a. install the specimen in the test fixture and connect
to the vacuum and actuating source as shown in
Figure 1.
NOTE: Add 44400-41 shim to maintain the 6.000-
6.001 dimensions at block-shoe interface.
Verify specimen identification and surface prepara-
tion in accordance with DSK-9434.
b. Evacuate test chamber to 50 microns or less as
read on the Veeco thermocouple gauge.
RDR-1484 "B"
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Determine and record the break-away torque of
the specimen at each static load condition of Table I.
This actaating force measurement may be used as the
baseline starting load condition.
Meagre and record the actuation force using a
Baldwin-Lima-Hamilton load cell and Varian G-IIA
Recorder.
NOTE: Actuating force measurement to be used to
monitor the frictional force between the shoe
and block surfaces as a function of time and
load increments.
Apply static load to shoe-block assembly equal to the
break-away torque value determined in step "c" or
Table I.
Energize the actuating motor for the start of the cycle
test. Testing to be conducted for a minimum of 10,000
cycles or until seizure or galling of the specimen con-
tact surface occurs.
Galling of specimen surface area to be determined by
visual (view plate window) and increase of initial
actuating force as measured by the Bo L. H° load cell.
NOTE: Shear load of actuating arm not to exceed
10,000 psi.
Total excursion of moving surfaces shall be + 0.375
inch as shown in Figure 1. Cycle rate not to exceed
100 cpm.
Examine contact surfaces and record any scoring, etc.
Record total accumulated cycles and load conditions on
Table I.
Return the shoe-block assembly to Manufacturing for
surface preparation.
Repeat steps "e" through "g". Apply static load to
shoe-block assembly in pressure load increments
shown In Table L
"AG" 9
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TABLE I
WEAR TEST PROCEDURE
= 6.466 cn 2
Test Unit Number:.
Condition!
1
2
3
Hydraulic
Actuator
Pressure
_s_
310
155
78
* Approx.
Load on
Block-Shoe
(psi)
1000
5OO
25O
Date:
Actuating
Force
Load Cell
Shaft
Stmtn Gage
_nrlnut
i
Deflection
(inch)
Total
Accun_
Cycles
Remarks
1.
l
Hydraulic piston
area = 6.466 in 2
Specimen contact
area = 2 inches.
* NOTE: ii Break-away torque meam, rement of the specimen at the maximum
load condition of column (3) may be used as the starting load for
the initial test run.
2. Static load conditions may be varied to suit specimen requirement.
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2:_d}0 26 .iwo aHeu_l,.Vacuun system - lO--X to I@'Q IUSW mnF.
4. ¥oeco tbernocouple _ -_gV-31
(CV-m @.nip) - itmw8 0-Uln mlmms.
5. Actuauns fixture - solar T/ll 66400.
6. Vari-dri_8 motor - I i_.
7. View port mLad_ (2).
8. Hydraul/_ Pressure _ - _ 0-10.000 pet.
9. Pressure La]Lot to hydzault¢ cyllmler.
10. Strain Sails locatlem ° Selmar.tn8 8bsft.
ll. Jsldulm-Lima-Hmnilte8 lesd cell and Varlma
G-1La Jacorder.
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